






A proteomic insight into oxidative modifications of 
myofibrillar and sarcoplasmic proteins in venison after PEF 






A thesis submitted for the degree of  
 
Master of Science 
 
At the University of Otago, Dunedin 
New Zealand  
 
 
31 July 2020 
 










or optimal and desired nutritional qualities, modern meat industries use various 
processing and ageing procedures. As a consequence of meat processing and ageing, it 
has been increasingly recognized that potential oxidation events may negatively impact on 
meat quality. Protein oxidation (PROX) is a chemical process that is well described in 
various pathophysiological diseases in humans, but has largely been ignored in the quality 
and preservation of food materials. Not until the early 2000s, the impact of oxidative effects 
in meat was increasingly recognized as a limiting and even harmful process that influences 
both meat quality, industries and the marginal inclination of consumers. A series of 
experiments have successfully investigated the extent of both protein and lipid oxidation in 
various meats that include, but are not limited to, beef, pork, lamb, chicken and fish. 
Although, venison is a frequently consumed type of meat, well known for its high export 
rates in New Zealand and also subject to processing and ageing, no published investigations 
have outlined oxidative events in venison in the context of processing and ageing.  
 
Hallmarks of meat protein oxidation include myofibrillar cross-links and aggregation 
products due to radical-induced oxidation of the protein backbone or individual amino acid 
residues. Reactive radicals can originate from external environments or intracellular 
oxidising systems. This research investigated to what extent external factors commonly 
F 
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applied in the preservation of meat influenced oxidative modifications in venison. The 
project examined oxidation due to a modern meat processing technology, named pulsed 
electric fields (PEF). PEF is a technique that introduces pores into membrane structures of 
myocytes. Due to proteolytic and non-thermal properties of PEF, the technique is associated 
with enhanced meat tenderness while minimising oxidation. The study focused 
predominantly on the degree and type of oxidation that occurred in venison as a 
consequence of a high PEF treatment and subsequent ageing regimes. Common ageing 
procedures include a 21 day dry and vacuum-packaged meat ageing. Initial PEF treatments 
and ageing were carried out in a complementary investigation by PhD student Tanyaradzwa 
(TA) Mungure, who previously examined physiochemical properties and LIPOX in 
venison, but no information was obtained about PROX. Samples provided by TA consisted 
of a temperature control, a no PEF and a high PEF control. Here, it was investigated how 
21 days dry or vacuum-packaged (VP) ageing affects oxidation in venison following each of 
the treatment groups.  
 
The experiment initially extracted sarcoplasmic and myofibrillar proteins from pre-treated 
and aged sample groups. In the present study, actin and myosin were found to be the most 
abundant myofibrillar proteins in venison. Myoglobin, a sarcoplasmic protein, associated 
with meat colour was also examined based on oxidative modifications. Samples of protein 
extraction were visualised on SDS-PAGE and using a tryptic in-gel digest were isolated and 
analysed by LC-MS.  The fundamental aim was to provide an insight into the oxidative 
modifications on actin, myosin and myoglobin in each venison sample group. The objective 
was to gather information to understand how PEF and ageing may link to oxidation 
mechanisms in venison. Peptides were analysed using a red deer sequence database of which 
only 43 % of proteins were annotated. Using quantitative and proteomic analyses, the 
number of oxidative modifications between venison sample groups were investigated and 
compared. Dry-ageing resulted in a 23 % increase of oxidation events compared to VP-aged 
meat. The time period of 21-d ageing revealed a 17 % increase in oxidations compared to 
0-d. The effect of PEF resulted in lower oxidation quantities compared to no PEF 
stimulation. The results indicated that oxidation was not directly affected by the low level 
of thermal input or by PEF itself. Myosin was the most susceptible protein to oxidation, 
whereas oxidation on myoglobin remained low in both 0-d and 21-d samples. Analyses of 
amino acid oxidation revealed methionine oxidation as the most prevalent and little 
difference was found with oxidised residues between treatment and ageing groups. Overall, 
the research described in this thesis provided an insight into the oxidations occurring in 
  iii 
venison. Oxidative mechanisms in venison had not previously been studied in the context 
of PEF and meat ageing, and were discussed in this study based on oxidative mechanisms 




Summary illustration of workflow and experimental procedures used to examine protein 
oxidation in venison. Venison sample groups (TP, NP, HP at 0-d & 21-d dry and VP-ageing) 
were selected from TA’s study. Myofibrillar and sarcoplasmic proteins were extracted, 
visualised, isolated by in-gel digest and examined by LC-MS. A red deer database was used to 
verify peptides. 43 % of proteins were non-hypothetical and part of this investigation and 57 % 
of hypothetical proteins were annotated using bioinformatics. Oxidative modifications were 
quantified to examine the effects of PEF and ageing and also studied based on the type of 
oxidation and the residues oxidised.  
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1.1 Introduction to protein oxidation  
 
xidation can be defined as a chemical process resulting in modifications of specific 
structural parts of oxidizable molecules by direct or indirect radical-exchange with 
reactive oxygen species (ROS) (Lund et al., 2011; Zhang et al., 2013). ROS can be 
generated by various intracellular biological systems, including oxidative phosphorylation, 
but also through exogenous oxidative environments, such as exposure to radiation and UV 
light (Hawkins and Davies, 2001; Davies, 2005, Zhang et al., 2013). As proposed by 
Soladoye et al. (2015), free radicals can introduce covalent modifications of proteins by 
direct cleavage or electron transfer reactions, thereby changing their physicochemical 
properties. Covalent modifications can be initiated by both free radicals and non-free 
oxidative radicals. Free radicals, such as superoxide anions (O2-), free hydroxyl radicals 
(HO•) and peroxyl anions (PO-) are considerably more reactive compared to hydrogen 
peroxide (H2O2), which lacks free radicals (Soladoye et al., 2015; Reeg and Grune, 2015). 
O 
 Introduction 
 2  
Highly reactive radicals, such as hydroxyl and superoxide anions can have a great effect on 
redox changes on proteins and lipids (Davies, 2016; Hematyar et al., 2019).  
 
 
1.2  The consequences of protein oxidation in meat materials 
 
Overall, protein oxidation (PROX) was reported to play a critical role in the 
pathophysiology of neurodegenerative diseases (Lund et al., 2011; Reeg and Grune, 2015). 
However, at present, the effect of PROX in meat materials remains largely unknown 
(Zhang et al., 2013). As meat consists predominantly of protein, oxidation-induced 
alterations on proteins can have detrimental effects on meat quality (Rowe et al., 2004; 
Lund et al., 2011; Soladoye et al., 2015; Ertbjerg and Bao, 2019). Multiple studies have 
emphasized oxidation events on meat proteins leading to noticeable differences that 
influence meat sensory attributes (Lynch and Faustman, 2000; Soladoye et al., 2015; Feng 
and Ahn, 2016; Hematyar et al., 2019; Ertbjerg and Bao, 2019). The degree of oxidation 
on meat proteins, however, depends on the type of meat, pro -and antioxidants and 
exogenous factors (Papuc et al., 2016). Since proteins are structurally and functionally 
distinct, the diversity of potential reaction products as a consequence of oxidation is vast 
(Dalsgaard et al., 2011, 2014; Jongberg et al., 2017). Oxidative events on proteins can 
introduce various unique chemical changes, affecting protein solubility, conformation, 
structure and susceptibility to enzymatic hydrolysis (Zhang et al., 2013). PROX in meat is 
mainly characterized by protein backbone fragmentation, protein aggregation and 
polymerization due to cross-link formation (Lund et al., 2011), amino acid side-chain 
modifications (Estévez et al., 2011) and the generation of protein carbonyls (Zhang et al., 
2013; Reeg and Grune, 2015). Structurally modified oxidation products, such as carbonyls 
can readily interact with other reaction products (Zhang et al., 2013), other radicals and 
secondary lipid derivatives (Guyon et al., 2016; Dominquez et al., 2019). As a 
consequence, PROX in meat was associated with protein carbonylation, amino acid side 
chain hydroxylation (Stadtman and Levine, 2003) and even a complete loss of essential 
amino acids, which can alter meat quality traits (Estévez et al., 2011; Soladoye et al., 2015). 
 
 
1.2.1 Oxidation of the protein backbone 
Oxidation of the protein backbone involves free radicals actively participating in 
nucleophilic attacks on central carbon atoms of the protein primary structure (Berlett and 
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Startmen, 1997; Davies et al., 2005). Reactive radicals can be generated by exogenous 
factors such as irradiation (Harris et al., 2001) and by-products of the Fenton reaction (Bao, 
2018). As reviewed by Berlett and Stadtman (1997), free radicals, such as hydroxyl radicals 
can abstract hydrogen at the a-carbon of the main ‘N-Ca-C-N’ peptide backbone, 
forming a carbon centred radical (Berlett and Stadtman, 1997, Stadtman, 2001) (Fig 1.1) 
Intermediate products of metal-catalysed backbone oxidation can form alkyl-peroxyl 




Figure 1.1 Series of alterations on amino acid backbones following oxidative stress Oxidative 
reactions of protein backbone fragmentation proposed by Davies et al., 2005. 1 Carbon-centred 
radical can get attacked by HO• to initiate backbone fragmentation 2 Carbon-centred radical 
forms alkyl-peroxyl radical upon reaction with oxygen 3 Metal-catalysed oxidation to form 
alkyl-peroxide and 4 alkoxyl radicals, which can be subject to diamide or α-amidation 
pathways, leading to cross-links 5 Metal-catalysed hydrogen abstraction leads to hydroxyl 
protein derivatives, which readily participate in subsequent carbonylation reactions.
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Oxygen-mediated generation of hydroperoxides can be hydrolysed to imines or 
decomposed to amides (Berlett and Stadtman, 1997; Davies, 2005; Zhang et al., 2013). As 
a result, hydrogen abstraction can lead to the formation of several derivatives and 
intermediates that readily participate in further reactions.  
 
1.2.2 Protein aggregation and cross-linking 
Electron transfer reactions of radicals with distinct structural parts of proteins can also result 
in the formation of intra- and intermolecular covalent bonds between individual amino 
acids (Davies et al., 2003; Lund et al., 2007, 2011). Nucleophilic reactions of radicals with 
proteins can alter their redox state leading to the generation of intra-molecular protein 
aggregation products (Soladoye et al., 2015). Inter-molecular covalent bonds between 
proteins as a consequence of chemical modifications, such as oxidation are referred to cross-
linkages. According to Lund et al. (2011), protein aggregates and cross-links are vital 
hallmarks of PROX in meat. Protein aggregation was specifically observed in myofibrillar 
proteins, such as actin and myosin when subjected to oxidative stress (Santé-Lhoutellier et 
al., 2009; Xiong et al., 2009). It can be argued that oxidation-induced cross-linkages affect 
the myofibrillar network of meat proteins, thereby adding rigidity, firmness (Buchert et al., 
2010), texture and influencing water-holding capacity (WHC) (Bao and Ertbjerg, 2019). 
Well-studied examples of non-enzymatic cross-linkages of meat proteins as a consequence 
of PROX are disulfide bonds (Buchert et al., 2010; Lund et al., 2011; Bao, 2018). Disulfide 
bond formation was observed on SDS-PAGE under non-reducing conditions in meat 
(Xiong et al., 2009; Kim et al., 2010).  
  
1.2.3 Oxidation of amino acid side chains  
The effect of oxidation on proteins can vary depending on the chemical nature of the 
amino acid. Every amino acid found in mammalians has a different side chain, exhibiting 
different susceptibilities to oxidation (Table 1.1). The higher the electronegativity of side 
chain atoms and free pairs of electrons in the outer orbit of a particular residue, the more 
likely for nucleophilic attack by free radicals. Key examples of amino acids that are most 
susceptible to oxidation are residues with sulfhydryl groups and aromatic amino acids 
(Ahmad et al., 2017). Sulfhydryl groups are identified on both cysteine and methionine 
residues and are highly susceptible to oxidation due to their reactive sulphur atoms. 
Residues that consist of electrophilic side chains can introduce cross-links and various 
structural changes to proteins (Berlett and Stadtman, 1997; Zhang et al., 2013; Ahmad et 
al., 2017). Other residues known to be affected by PROX include, but are not limited to 
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aromatic amino acids, such as phenylalanine, tryptophan, tyrosine and histidine (Table 1.1). 
Oxidation of phenylalanine and tryptophan can result in numerous hydroxyl derivatives 
and phenoxyl radicals, whereas tyrosine oxidation was associated with di-tyrosine cross-
linkages in meat (Lund et al., 2008, 2011; Zhang et al., 2017). Oxidation of lysine and 
arginine were associated with α-aminoadipic (AAS) and γ-glutamic semialdehyde (GGS). 
Both carbonyls (AAS and GGS) are considered as key hallmarks of oxidative damage on 
proteins and commonly used as biomarkers (Estevez et al., 2009, 2011).  
 
 
1.2.4 Protein oxidation through the interaction with lipids  
Oxidation in food systems has been extensively investigated in lipids. Recent studies on 
phospholipids have proposed diverse oxidation events resulting in off odour effects, flavour 
and colour deterioration in meat (Amaral et al., 2018; Dominquez et al., 2019). Lipid 
oxidation (LIPOX) is associated with the generation of secondary oxidative products, such 
as aldehydes and ketones, which can readily interact with proteins and indirectly impact 
on protein structure and function (Lynch and Faustman, 2000; Thiansilakul et al., 2011; 
Feng and Ahn, 2016). The oxidation of lipids can lead to the formation of Schiff bases and 
carbonyl products, associated with PROX in beef and chicken (Wazir et al., 2019). LIPOX 
derivatives, such as alcohols, esters, hydrocarbons, but also aldehydes and ketones can bind 
primary amino groups of proteins (Stadtman and Levine, 2000), leading to the generation 
of protein-centred radicals and cross-links (Gardner, 1979; Kikugawa and Beppu, 1987; 
Kikugawa et al., 1989; Saeed et al., 1999).  Unsaturated lipid aldehydes can react with 
histidine, lysine and cysteine residues leading to aggregation products and cross-linkages 
between lipids and proteins (Refsgaard et al., 2000). 
 
It can be argued that lipid-protein co-oxidation events are both interlinked as the 
propagation of one reaction, such as LIPOX can result in reactive derivatives that interact 
with protein structures, causing the propagation of the other (PROX) (Faustmann et al., 
2010; Schaich, 2014). Along this line, it was reported that lipid derivatives, such as 
hydroperoxides and malonaldehyde (MDA) can alter protein solubility and protein 
carbonyl content (Park et al., 2007; Schaich, 2008, 2014; Xiong et al., 2009;  Papuc et al., 
2016; Fend et al., 2016; Bao and Ertbjerg, 2019; Hematyar et al., 2019). MDA can generate 
cross-links upon interaction with lysine (Zhang et al., 2013; Bao, 2018). In meat materials, 
oxidation-mediated lipid derivatives facilitated protein aggregation and cross-links of 
specifically myofibrillar proteins (Xiong et al., 2009).  
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As the progression of oxidation on lipids was correlated with deteriorating colour in meat 
(Moller and Skibsted, 2006; Faustman et al., 2010; Thiansilakui et al., 2011), LIPOX-
mediated processes can influence the haem component of myoglobin and haemoglobin 
(Suman and Joseph, 2013; Hematyar et al., 2019). The presence of reactive chemicals, 
leading to myoglobin oxidation from ferrous oxymyoglobin (Fe2+) to ferric metmyoglobin 
(Fe3+), was linked with the initiation of lipid peroxidation (Chaijan, 2008; Papuc et al., 
2016; Hematyar et al., 2019). Oxidation of myoglobin was associated with the formation 
of reactive derivatives that influence protein functionality, insolubilisation and loss of 
enzymatic activity (Howell et al., 2001). Taken together, previous investigations of 
oxidation in meat have suggested a complicated interplay between lipid and protein 
oxidation of myofibrillar proteins and myoglobin that play a critical role in meat quality 
and colour (Faustman, 1998; Lynch and Faustman, 2000; Suman and Joseph, 2013; Feng 
and Ahn, 2016; Guyon et al., 2016; Wazir et al., 2019; Ahmad et al., 2015, 2020).  
 
 
1.3 Oxidation of meat proteins  
 
1.3.1 Myofibrillar proteins – actin & myosin  
Myofibrillar proteins in myocytes constitute approximately 70% of the total protein 
content in muscle tissue (Xiong et al., 2009). Myofibrillar proteins include various 
accessory proteins, such as nebulin, titin, and desmin, in addition to the actin and myosin 
structure in the myofibrils which are all predominantly involved in cell integrity and 
movement (Masqood et al., 2015). These accessory proteins form an interlinked 
myofibrillar network that allows muscle contraction and contributes to cell stability. 
Among myofibrillar proteins, according to Marino et al. (2014), actin and myosin are the 
most abundant in animal muscle tissue.  
 
Oxidation of myosin and actin has been reported in meat model systems. Incubation of 
myofibrillar proteins with hydrogen peroxide resulted in the loss of myosin and actin bands 
when visualised on a non-reducing SDS-PAGE (Decker et al., 1993; Törnvall, 2010). The 
presence of radicals has been associated with the formation of cross-links, polymerization 
of actin and myosin proteins, forming high molecular weight aggregates that were not 
resolvable by protein gel electrophoresis (Martinaud et al., 1997; Liu and Xiong, 2000; 
Santé-Lhoutellier et al., 2007; Xiong et al., 2009; Bao, 2018). It was concluded that the 
tail component of myosin heavy chains (MHC) is particularly susceptible to oxidation. 
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(Martinaud et al., 1997; Xiong et al., 2009). PROX of myosin was also found to be 
associated with increased carbonyl contents and disulfide bond formation, resulting in the 
reduced conformational stability of myofibrillar proteins in pork (Xiong et al., 2012). Lund 
et al. (2008) found that myosin can also be oxidised by haem proteins and lipid 
hydroperoxides, which was also reviewed by Hematyar et al. (2019). Myoglobin-induced 
oxidation of myosin was associated with the formation of thiyl and tyrosine derivatives. 
Oxidation of cysteine residues of myosin was found to be responsible for myoglobin-
myosin cross-links (Frederiksen et al., 2008). In summary, oxidation of tyrosine and 
cysteine residues of myosin either by myoglobin or lipid derivatives was linked with 
impaired meat quality traits.  
 
1.3.2 Sarcoplasmic proteins – myoglobin  
Whereas myofibrillar proteins are crucial for movement, sarcoplasmic proteins are 
associated with homeostasis within muscle cells (Marino et al., 2014; Kahraman and 
Gurbuz, 2016). In meat, sarcoplasmic proteins make up 30 % of the overall protein content 
(Xiong et al., 2009). It was previously hypothesised that PROX of myoglobin (Mb) can 
result in haem-lipid cross-links, leading to colour deterioration and interactions with 
myofibrillar proteins (Frederiksen et al., 2008) (Fig 1.3). The colour of raw meat is 
associated with the overall content of Mb and its redox state. Mb consists of a single globin 
polypeptide chain that binds a protoporphyrin haem group to which is coordinated a Fe 
atom, which can bind free oxygen (Fig 1.2 B). Meat materials appear coloured due to the 
resonance nature of the conjugated sigma bond between the haem constituent of Mb and 
an inorganic iron in its ferrous (Fe2+) and ferric (Fe3+) states (Fig 1.2 C). The 
electronegativity and strength of the interaction between the haem, the Fe2+ and Fe3+ 
determine the wavelength of the colour perception. Oxygen promotes the Mb 
oxygenation from oxy to metmyoglobin, associated with colour changes from cherry red 
to brown (Suman and Joseph, 2013).  In meat, the formation of ferric metmyoglobin due 
to oxidation by O2- and H2O2 radicals can trigger HO• mediated protein fragmentation and 
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Figure 1.2. Myoglobin structure including protoporphyrin and haem components A 
Inorganic iron (Fe) bound by four nitrogen atoms of organic protoporphyrin B Side view of 
myoglobin structure showing Fe stabilisation with a proximal histidine and a Fe-bound state to 
diatomic oxygen, stabilised by distal histidine C Electronegative diatomic oxygen can abstract 
an electron from Fe2+, creating a resonance structure including ferric iron (Fe3+) and a 




In summary, oxidative modifications are characterized by amino acid side chain 
modifications, backbone fragmentation, formation of cross-links between myofibrillar 
proteins. In specifically meat materials, the source of oxidative stress has been commonly 
found on products following meat processing techniques, such as irradiation, high-pressure 
processing (HPP) and procedures involving heating. To examine the extent of oxidation 
in myofibrillar and sarcoplasmic proteins, the project was mainly concerned with the 
quantity of oxidative modifications and the type of oxidations that occurred on individual 
amino acids. Although a clear comprehension between oxidation of myofibrillar and 
sarcoplasmic proteins and their significance in meat quality has not previously been 
established, a model of the underlying mechanisms of meat protein oxidation is proposed 
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1.4 The significance of protein oxidation in meat quality  
 
As meat protein oxidation can result in various chemical changes, the physicochemical 
properties of meat can affect its quality. The impact of PROX on meat quality has been 
associated with negative effects on nutritional properties, such as digestibility and 
bioavailability (Jongberg et al., 2017; Ahmad et al., 2020). The fundamental platform of 
meat quality is determined by a balance between tenderness, flavour and juiciness 
(Menneke et al., 2007; Troy and Kerry, 2010; Bolumar et al., 2013; Hutchison et al., 2014; 
Kaic and Zgur, 2017). The initial subconscious decision of consumers to purchase meat 
products is primarily determined by the appearance of meat, which includes a firm texture, 
red colour and appropriate packaging (Berry, 2017). Depending on the type of meat, 
consumers correlate colour with freshness and quality (Hunt, 2012). Further choices to 
select meat products following purchase are associated with eating habits and personal 
preferences, which can vary in individuals. Consumer eating habits of meat materials are 
enhanced by tenderness and nutritional value, both characterized as the most important 
parameters that link consumer satisfaction with an economic profit of meat industries 
(Grunert et al., 2004; Bolumar et al., 2013; Bekhit et al., 2014, 2017; Gao et al., 2017; 
Kaic and Zgur, 2017). Tenderness can be considered as the ‘tangible and physical degree 
of toughness and resistance to any sort of disintegration, cutting or chewing’ (Bekhit et al., 
2017). The nutritional value of meat is determined by a natural composition of healthy 
fats, essential amino acids and water-holding capacity ((WHC) (Williams, 2007). Oxidative 
modifications on proteins and lipids were both reported to decrease meat tenderness, 
biodigestibility of proteins and lipids and WHC (Aalhus and Dugan, 2014; Soladoye et al., 
2015; Hematyar et al, 2018; Bao, 2018; Bao and Ertbjerg, 2019). 
 
 
1.4.1 Oxidation influences meat tenderness 
Meat tenderness was associated with the degree of myofibrillar degeneration, leading to 
decreased shear force and toughness (Bekhit et al., 2014, 2017). Tenderization of meat is 
influenced by various intracellular proteolytic enzymes that hydrolyse meat protein 
structures and result a firm texture (Faridnia et al., 2015; Alahakoon et al., 2016). A well-
studied example of enzymes involved in the proteolysis of meat is the calpain system, which 
hydrolyse muscle fibres during post-mortem ageing (Bhat et al., 2018). The effect of 
PROX on myofibrillar degradation and tenderness is not fully understood. However, 
oxidation of myofibrillar proteins was reported to negatively affect meat tenderness (Rowe 
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et al., 2004; Lund et al., 2007, 2011; Xue et al., 2012). The influence of PROX on meat 
tenderness can be described by two mechanisms. First, oxidation of meat proteins directly 
leads to structural and chemical modifications of proteins, associated with decreased 
susceptibility to proteolysis (Zhang et al., 2013). Lonergan et al. (2010) found that meat 
tenderness is compromised due to oxidation-induced protein aggregates of MHC, which 
is in agreement with Xiong et al. (2009), who referred to the MHC as the myofibrillar 
protein component most susceptible to oxidation and subsequent aggregation. Direct 
oxidation of myofibrillar networks in meat can be protective against hydrolysis, as oxygen 
radicals can introduce cross-links, which makes proteins more compact and less accessible 
to calpains (Bhat et al., 2018).  Secondly, oxidation may not directly affect myofibrillar 
structures, but instead leads to inactivation of calpain activity, thereby minimising 
proteolysis of myofibrillar structures in post-mortem meat (Rowe et al., 2004). The 
catalysis of calpains is mediated by an oxidizable cysteine upon exposure to intracellular 
calcium ions. Guttmann et al. (1997) stated that sufficient catalysis by calpains is 
predominantly achieved in reducing conditions intracellularly. Rowe et al. (2004), 
reported that artificially created oxidative stress by irradiation, deactivated calpain activity, 
leading to minimal proteolysis of myofibrillar proteins in meat (Martinaud et al., 1997; 
Harris et al., 2001). Protein carbonyls can affect calpain-activity by cross-link formation, 
leading to impaired proteolysis (Lund et al., 2007). Lametsch et al. (2008) found disulfide 
bonds between oxidation products and the cysteine residue within the active sites of 
calpains. In conclusion, oxidation could affect meat tenderness due to an inversely 
proportional relationship between PROX and myofibrillar proteolysis in meat systems 
(Lund et al., 2011). 
 
1.4.2 Oxidation influences the nutritional quality of meat  
Meat protein oxidation has been mainly studied in a medical context, whereas the effect 
of oxidation in muscle food systems has largely been neglected. It was not until the year 
2000, when the first research was conducted that investigated the extent of oxidation on 
nutritional quality in meat. Xiong (2000), proposed that meat myofibrillar proteins were 
in fact highly susceptible to oxidation, which decreased meat quality (Xiong et al., 1993; 
Decker et al., 1993; Xiong and Decker, 1995; Estevez and Luna, 2016). The effect of 
oxidation was associated with reduced digestibility, reduced bioavailability and the loss of 
essential amino acids (Santé-Lhoutellier et al., 2007; Feng et al., 2015; Soladoye et al., 
2015). The outcome of oxidation resulted in decreased WHC (Estevez, 2011; Lund et al., 
2011; Chen et al., 2015), decreased meat texture (Ertbjerg and Bao, 2015) and flavour 
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(Villaverde et al., 2014). As reviewed by Soladoye et al. (2015), the quality of meat can be 
characterized by essential amino acids that make up a protein primary structure necessary 
for metabolic functions in meat. Oxidation-induced carbonylation of threonine, arginine 
and lysine residues was correlated with considerably compromised amino acid 
bioavailability and metabolic activity (Stadtman and Levine, 2013). Numerous studies have 
shed light on various oxidation events in meat materials, which were strongly correlated 
with meat processing, storage and ageing techniques (Estevez, 2009; 2011; Lund et al., 
2011; Utrera and Estevez, 2012; Soladoye et al., 2015; Wang et al., 2015; Lorido et al., 
2016; Ertbkerg and Bao, 2015, 2018) (Table 1.1).  
 
 
1.5 Protein oxidation is influenced by meat processing and 
ageing 
 
Post-mortem processing of meat materials refers to several procedures that enhance quality 
traits of meat. Meat processing includes industrial techniques, such as high-pressure 
processing (HPP) (Guyon et al., 2016), electrical stimulation (Crownover et al., 2017), 
irradiation (Rowe et al., 2004) and shockwave technology (Bolumar et al., 2013). 
Common mechanisms to preserve sensory attributes of meat are cooking, chilling, frozen 
storage and meat ageing. These techniques were introduced to optimise and preserve meat 
products for desired nutritional characteristics for consumers (Coombs et al., 2017; Bekhit 
et al., 2017). Although, it was recently reported that both PROX and LIPOX are 
consequences of meat processing and ageing (Bao and Ertbjerg, 2019), the degree to which 
meat processing affects oxidation is still under debate. Ertbjerg (2019) suggested the 
effectiveness of meat processing may be enhanced or suppressed depending on the extent 
of radicals generated by the industrial technology and the environment of post-processing 
storage. The use of electron beam irradiation in meat can lead to an accelerated generation 
of protein carbonyls that affect both tenderness and colour in chicken (Rowe et al., 2004). 
Elevated temperatures of treatment techniques in meat were correlated with increased 
carbonyl content and Schiff base formation (Estevez et al., 2011; Traore et al., 2012). 
Protein carbonyls were 3-fold increased following 1 min heating at 130°C (Astruc et al., 
2007), whereas a 5-fold elevation of carbonyls were generated at 90°C for 5 min (Gatellier 
et al., 2010; Traore et al., 2012). The effect of thermal processing treatments was reviewed 
by Mitra et al. (2018), who linked various oxidative modifications on residues with the 
temperature treatments. Traore et al. (2012), concluded that heating-induced PROX was 
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1.5.1 Pulsed electric fields  
 
Pulsed electric fields (PEF) is considered a ‘non-thermal’ technique that is commonly used 
in the processing of food materials (Clark, 2006; Liu et al., 2019). Overall, the main benefit 
of PEF is to preserve and extend the biological shelf life of products and enhance nutritional 
attributes and meat tenderness (Faridnia et al., 2015; Bekhit et al., 2017; Gómez et al., 
2019). According to Bekhit et al. (2014), PEF can enhance proteolysis and lead to meat 
tenderization. The effect of PEF on proteolysis was further examined by Suwandy et al. 
(2015), who found that meat tenderization was improved due to physical degradation of 
myofibrillar structures in beef.  
 
The side effect of heating introduced by meat processing was determined to be a critical 
factor for inducing PROX in meat (Traore et al., 2012). Wu et al. (2014) investigated the 
protein carbonyl content in eggs that were subject to PEF treatment. The authors 
concluded that PEF leads to partial protein unfolding, but was not associated with 
oxidation. In contrast to conventional meat processing, the effect of heating meat materials 
is minimised by PEF (Bekhit et al., 2014; Suwandy et al., 2015; Arroyo et al., 2015).  
 
The technology of PEF is based on the generation of a discontinuous charge difference 
between the interior and exterior of a cell, leading to electroporation of the cell (Fig 1.4). 
The generation of an electric field is delivered at high potential and low current, using 
voltage and alternating current (frequency). To minimise energy input and reduce heating 
that could cause burning effects of meat, the electrical current is induced in pulses. PEF 
typically involves the placement of the material between two externally placed electrodes 
(anode and cathode) (Fig 1.4 B). During PEF an intercellular charge accumulates at the 
membrane, which leads to charge alignment, compression and pressure changes (Fig 1.4 
C). Increasing electrical field strength and frequencies ultimately result in the partial 
breakdown of the phospholipid bilayer of cells and membranes of intracellular organelles. 
Following electroporation, the osmotic balance shifts as the barrier between the interior of 
the cell and the extracellular matrix becomes compromised (Alakahoon et al., 2016, Bekhit 
et al., 2017) (Fig 1.4 D). Bekhit et al. (2014), proposed that PEF-induced electroporation 
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PEF is considered to enhance meat tenderization due to the electroporation effect on cells 
enabling movement of proteases and improved proteolysis of myofibrillar networks 
(Mohamed and Eissa, 2012; Alakahoon et al., 2016; Bekhit et al., 2017), which was 
negatively correlated with PROX.  
 
 
1.6 Meat ageing in an oxygenic environment 
 
Meat ageing is a process of maturation that allows the breakdown of connective tissue 
components and proteolytic degradation of myofibrillar proteins, leading to enhanced 
palatability of meat (Khan et al., 2016; Xiong et al., 2017; Setyabrata et al., 2019). The 
effect of meat ageing can be influenced by the overall time period of the ageing process, 
the temperature and relative humidity of the ageing environment (Kristensen and Purslow, 
2001; Huff-Lonergan et al., 2005; Kim et al., 2005; 2016). Reviewed by Bekhit et al. 
(2014) and Arroyo et al. (2015), the effects of PEF on texture, tenderness and flavour can 
be advanced following an ageing period of 21 days. Nonetheless, it was also reported that 
ageing can lead to the accumulation of various carbonyl products as a consequence of both 
PROX and LIPOX (Martinaud et al., 1997; Reeg and Grune, 2015; Xiong et al., 2017). 
The effect of meat ageing, specifically on myofibrillar and sarcoplasmic proteins and their 
impact on sensory attributes were examined by Kazeem et al. (2016). The authors reported 
that ageing leads to increases in metmyoglobin content, reduces the density of MHC and 
has little impact on actin. The extent to which ageing influences oxidation of myofibrillar 
and sarcoplasmic meat proteins is still unclear. To date, there are two main methods of 
meat ageing used that can improve the tenderness and nutritional quality of meat, namely 
dry and wet ageing (Smith et al., 2008; Khan et al., 2016; Kim et al., 2017; Ha et al., 2019).   
 
 
1.6.1 Dry ageing of meat 
Dry-ageing of meat is a process involving either the meat being exposed directly to the 
atmosphere during the ageing process or the use of a type of modified packaging (MAP) 
that allows gas exchange to achieve meat maturation under an atmospheric oxygen 
environment (Bao, 2018). In an oxygenic environment at 65% relative humidity (RH), 
beef carcasses lost 19.6% of their original weight following 21 days dry-ageing (Silva et al., 
2018). The result of moisture loss during dry-ageing was found to be associated with higher 
levels of methionine, leucine, tryptophan and glutamate, linked with improved flavour 
(Kim et al., 2016). Gallego et al. (2018), analysed the extent of oxidation on methionine, 
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tryptophan and proline in ham meat following 12 months dry-ageing and found reversible 
oxidation events on myofibrillar proteins. Kim et al. (2016), found evidence of MHC 
cross-link formation at 80% atmospheric oxygen in MAP ageing. The higher the content 
of atmospheric oxygen, the higher the degree of PROX on myosin (Rysman et al., 2014; 
Bao, 2018). Also, dry-ageing  preserves the bright red colour of meat, while underlying 
proteolytic events take place that improve meat quality traits (Bao, 2018). As discussed, the 
continuous exposure of meat to oxygen leaves Mb in its oxymyoglobin state (Clausen et 
al., 2009; Lagerstedt et al., 2011). On the contrary, it was argued that high-oxygen 
environments only preserve oxymyoglobin at early stages of ageing, which then readily 
gets converted to metmyoglobin (Seyfert et al., 2004; Suman et al., 2005; Suman and 
Joseph, 2013; Kazeem et al., 2016). The oxidation of haem proteins not only leads to 
desired colour of meat as a consequence of 21-day ageing (Nair et al., 2018), but also 
influences LIPOX and PROX events (Suman and Joseph, 2013; Hematyar et al., 2019).  
 
 
1.6.2 Vacuum packaged ageing of meat  
An alternative to dry-ageing, wet-ageing, also referred to as vacuum-packaged (VP) ageing 
is a meat maturation technique that encloses the product in a vacuum-sealed bag.  VP-
ageing retains the moisture and thus minimises the overall weight loss. Lund et al. (2007), 
investigated oxidative modifications on myosin in both dry and VP-aged meat and found 
cross-link formation on MHC only following dry ageing. Over a 56 day dry-ageing period, 
Warner and Ha (2017), found that PROX only affects meat proteins up to 35 days, whereas 
PROX was continuously enhanced in VP-aged meat. In terms of sarcoplasmic proteins, it 
was evident that dry-ageing improved meat colour compared to VP-ageing (Ha et al., 
2019). This means that different ageing procedures may be the origin of diverse radicals 
that have distinct effects on myofibrillar and sarcoplasmic proteins. In this investigation, it 
was critical to understand how the quantity of oxidative modifications on both sarcoplasmic 
and myofibrillar proteins differed between dry and VP-ageing and also how ageing time 
contributed to oxidation in meat. The effect of packaging method on PROX and LIPOX 
was reviewed by Khan et al. (2014). A comparison between the physical factors of both 
ageing procedures is listed in Appendix Table A.1.  
 
Taken together, the origin of oxidation on meat myofibrillar proteins was attributed to 
meat processing and ageing procedures. The use of PEF appeared to be beneficial as it 
enhances meat tenderization through calpain-dependent proteolytic degradation of 
myofibrillar proteins while minimising the degree of heating. Meat ageing conditions 
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provide optimal conditions for meat maturation but are linked with the accumulation of 
oxidative modifications particularly in dry-aged meat after 21-d ageing. As oxidation-
induced alterations of myofibrillar proteins were reported to decrease their susceptibility to 
proteolysis, the effect of PEF on oxidative processes may be antagonizing. An overview of 
specific oxidation products (carbonyls, cross-links and protein aggregates) of oxidised 
myofibrillar proteins in processed and aged meat was reviewed and discussed by Soladoye 
et al. (2015). The authors concluded that oxidation products on myofibrillar proteins in 
aged meat showed decreased susceptibility to proteolysis. The effect of oxidation on 
protein digestibility was reviewed by Santé-Lhoutellier et al.  (2007) (2008), Bax et al. 
(2012). Along this line, the present investigation examined the hypothesis whether PEF is 
associated with fewer oxidative modifications on myofibrillar proteins compared to a non-




1.7 Measuring oxidation in meat systems 
 
1.7.1 DNPH – a method to quantify protein carbonyls  
A commonly used chemical reagent for measuring carbonyls of processed and aged meat 
is dinitrophenylhydrazine (DNPH) (Table 1.1). DNPH consists of a phenyl group with a 
benzene ring structure and a hydrazine molecule. The hydrogen groups of hydrazine can 
react with the oxygen of a protein carbonyl group to form H2O. DNPH is an orange 
coloured liquid at room temperature that when undergoing a condensation reaction with 
polar carbonyls yields a yellow to a green coloured product. The resulting hydrazone can 
be spectrophotometrically measured at 370 nm and quantitated using an absorption 
coefficient of 22.000 M-1 cm-1 (Armenteros et al., 2009; Zhang et al., 2013). With reference 
to Table 1.1, most investigations previously referred to in the literature have studied 
PROX in meat myofibrillar and sarcoplasmic proteins using the DNPH technique. The 
critical limitation of the DNPH method is that carbonyl groups are not exclusively formed 
by PROX, but can be the result of glycosylation, metal-catalysis and LIPOX. According 
to Estevez et al., (2008), carbonyls are often overestimated due to the non-specific binding 
of the DNPH substrate to carbonyls. In meat products, it is a challenge to accurately 
separate oxidation products of specifically PROX from different pathways. As the present 
study was focused specifically on PROX of myofibrillar and sarcoplasmic proteins, the 
DNPH method was not be used here.  
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1.7.2 Investigation of oxidation using proteomic approaches 
As an alternative to DNPH quantification of protein carbonyls, a more recently introduced 
technology to selectively examine oxidative modification in a given biological sample is 
mass spectrometry. Two recently performed proteomic analyses on meat proteins resulting 
in efficient data output to study PROX were conducted by Nair et al. (2018) and Gallego 
et al. (2018). Nair et al. (2018) studied the effect of colour changes in myoglobin comparing 
proteomic data between 0-d and 21-d ageing. Gallego et al. (2018), used a label-free 
numeric approach to quantify oxidative modification of pre-selected residues on 
myofibrillar proteins throughout dry-ageing. Oxidative modifications, including mono, di 
and tri-oxidations could be linked with a particular amino acid. Based on liquid 
chromatography mass-spectrometry (LC-MS), the extent of oxidations was interpreted as 
‘abundance’ of a given oxidative modification on amino acids. Thus, the more often 
oxidation is detected on a peptide sequence of a given residue, the higher the abundance. 
In contrast to the conventional DNPH method, the resulting proteomic profile can be 
more accurately linked with specific mechanisms of PROX, including potential cross-links 
and protein backbone fragmentation patterns. The proteomic investigation performed by 
Gallego and colleagues (2018) could determine methionine, tryptophan and proline 
oxidations at various abundances following meat ageing (Santé-Lhoutellier et al., 2007, 
2008). For this project, a similar approach to the proteomic analysis of Nair and Gallego 
was performed, in investigating the abundance of oxidative modifications of myofibrillar 
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1.8 Protein oxidation in venison  
 
 
Meat products are extensively consumed globally and are subjected to various processing 
techniques suitable for a given market. In comparison to beef and lamb, venison is leaner 
, protein and mineral richer. Venison is also described to be one of the healthiest meat 
products due to its low cholesterol content (Thring, 2012). Feral deer are common in 
temperate zones, including northern Europe, Russia, North America and New Zealand. 
The presence of red deer in the free environment makes them ideal targets for hunting and 
export. In New Zealand, deer farming is widespread comprising of over 1 million animals 
distributed over many farms (Hoffman and Wiklund, 2006).  The majority (90%) of NZ 
farmed red deer gets exported (Statistics New Zealand, 2013). The effects of PROX on 
meat tenderness, texture, flavour and colour have been predominantly investigated in beef, 
lamb, ham, chicken and fish (Zhang et al., 2013; Suman and Joseph, 2013; Reeg and 
Grune, 2015; Soladoye et al., 2015; Papuc et al., 2017; Hematyar et al., 2018). However,  
investigations on oxidation of venison proteins, specifically in context to PEF, dry and VP-
ageing have not been previously been conducted.  
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1.9 Research proposal and aims  
 
1.9.1 Relevance of the project  
As reviewed by Soladoye et al. (2015), the consequences of meat protein oxidation may 
have harmful consequences on human health. As meat typically undergoes a series of 
processing and maturation steps to maximise meat sensory attributes to consumers (Fig 
1.5), it was evident that various oxidative modifications can form in post-mortem meat 
materials (Xiong, 2000; Lund et al., 2011). As several oxidative mechanisms were proposed 
in processed and aged meat, which is heavily consumed globally, it was critical to examine 
oxidative effects in venison. The project is of importance as it aims to provide an insight 
into protein oxidation as a consequence of PEF, and dry and VP-ageing of meat. The 
literature has mostly discussed meat tenderness, proteolysis and oxidation as separate distinct 
aspects of meat quality. In the present study, the focus was exclusively on oxidative 
modifications of myofibrillar and sarcoplasmic proteins following PEF and ageing.  The 
intention was to obtain information about post-mortem oxidative modifications in 
venison. A proposed summary illustration of the importance of oxidation and its effects on 
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1.9.2 Background of complementary study   
 
The effect of PEF on venison was initially studied by a PhD student in food science, named 
Tanyaradzwa (TA) Mungure (PhD, Department of Food Science, University of Otago). 
TA originally processed the venison samples using PEF technology and studied 
physicochemical properties and metabolite profiles before and after PEF, 21-d 65% RH 
dry and VP-ageing. TA’s approach was to analyze the effects of combined meat processing 
and ageing regime (dry and VP) based on meat tenderness (shear force) and nutritional 
value (metabolites, WHC and LIPOX). TA obtained information about electrical 
conductivity of PEF, pH and temperature values and weight loss after ageing. TA focused 
on the oxidation of lipids in venison samples, rather than protein oxidation which may be 
a consequence of PEF and ageing.  
 
 
1.9.3 Research objective of the present study  
 
In this research project, it was investigated as to what extent oxidative modifications were 
correlated with PEF and ageing. Although the effect of heating was reported to be minimal 
using PEF, the potential side effect of ohmic heating could lead to oxidation. To test if 
PEF was ‘non-thermal’, a subsequent heating experiment was included to the level of 
heating observed for the highest PEF treatment. As shown in Fig 1.6, the venison samples 
obtained from TA included a temperature control (TP), a No PEF (NP) and High PEF 
(HP). Each sample was also subject to both 65% RH dry and VP-ageing. These samples 
obtained were collectively referred to as venison sample groups.  
 
The methodological objective in the present project was to analyse each sample 
individually and perform a comparative analysis of these samples based on oxidative 
modifications. It could be determined if and how PEF and ageing are linked with 
underlying oxidation events in venison meat. In meat, actin and myosin are the most 
abundant myofibrillar proteins. As outlined earlier, oxidations have been most frequently 
observed on myosin, which participates in further oxidative reactions that could impact on 
overall meat quality. Oxidative effects on myoglobin are predominantly correlated with 
colour changes that due to ageing procedures were a key factor in preserving the bright 
red colour of meat. The investigation therefore focused on actin, myosin and myoglobin 
as model proteins to study protein oxidation in venison. Oxidation has been reported to 
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vary depending on the pro- and anti-oxidant properties in meat, as well as due to 
environmental factors. As oxidative modifications may vary among individual animals, 
samples from a total of 4 different deer were selected and compared based on mean 
numbers of oxidative modifications.  
 
1.Preliminary evaluation of protein extraction from venison proteins  
Preliminary extraction of venison proteins provided information about the protein 
loading level, protein concentration optimal for SDS-PAGE visualization, validation 
of proteins (1D and 2D PAGE) and most importantly if venison sarcoplasmic and 
myofibrillar proteins can be extracted efficiently and consistently between treatment 
groups and different animals.  
2. Protein extraction of myofibrillar and sarcoplasmic fractions  
Venison sarcoplasmic and myofibrillar proteins of selected treatments (TP, NP, HP) 
were extracted in 4 animals before (0-d) and after (21-d) dry and VP-ageing and 
visualized on 1D-SDS-PAGE.  
3. Quantitative analyses of protein oxidation  
Using selected venison sample groups, the effect of ageing condition (dry vs VP), time 
(0-d vs 21-d) and PEF (TP, NP, HP) on oxidative modifications in actin, myosin and 
myoglobin could be compared and analyzed using mass spectrometry.  
4. Proteomic analyses of protein oxidation  
Specific amino acids on myofibrillar and sarcoplasmic proteins were analysed based on 
the highest oxidative abundances between 0-d and 21-d and compared between 











 for investigating protein oxidation in venison
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1.9.4 Aims and objectives of the project  
The fundamental aim of the present study was to obtain information about oxidative 
modifications that take place as a consequence of PEF and ageing in venison samples. The 
major purpose was to provide proteomic data based on oxidative modifications on key 
proteins, including actin, myosin and myoglobin. These proteins have been linked with 
oxidation hallmarks, such as cross-links, aggregates and in the case of myoglobin, colour 





Figure 1.7 Overall project aim. Investigation of meat protein oxidation following PEF 
treatment and ageing.  
 
 
Using comparative and quantitative analyses, it was firstly aimed to investigate the quantity 
and type of oxidative modifications in venison sample groups. Oxidative modifications 
were examined with the intention provide an insight to what extent PEF and/or ageing 
regimes influenced oxidation in venison.  
 
Using proteomic data of modifications and amino acids on key myofibrillar and 
sarcoplasmic proteins, the focus was then to further understand potential oxidative 
mechanisms that could be a consequence of the oxidative modifications presented here. As 
oxidation in venison has received very little scientific attention for oxidation, detected 
oxidative modifications may contribute to intramolecular cross-links of myofibrillar 
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1.9.5 Selection of venison sample groups for proteomic analysis  
 
A set of venison samples was selected from a larger experiment conducted by TA (PhD 
student at Food Science Dept). The experimental results from TA’s investigation largely 
referred to the physicochemical properties of the venison sample groups acquired for the 
present study (Appendix Table A.4). Before investigating oxidative modifications of venison 
sample groups, the effect of PEF and ageing on pH, conductivity, shear force and weight 
loss of relevant samples (Appendix Table A.4) were briefly outlined. The purpose to review 
preliminary data from TA’s analyses of the venison samples was to provide preliminary 
evidence to examine any effects caused by treatments and ageing on physicochemical 
properties of venison.  
 
The pH measurements of venison samples were consistent between 65% RH dry and VP-
aged venison samples, showing a pH of 5.6 before either sample underwent PEF treatment. 
The same samples that were treated by PEF (here referred to high-PEF, HP) showed 
decreased mean pH values of 5.5 post-PEF. All venison sample groups increased in pH 
following both dry and VP ageing regardless of whether they received PEF treatment or 
not. Thus, post-ageing pH values were not affected by PEF treatment. Also, both dry and 
VP-ageing (21-d) showed the same effect on pH.  
 
Conductivity (mS/cm) is defined as the flow of electrical current through a particular 
material. The conductivity was consistent prior to PEF treatment (1.25 kV/cm, 50 Hz, 20 
µs). All four sample groups (No PEF and High PEF at dry and VP-ageing ) showed 
consistent values (9.8 mS.cm-1) with the exception of one (11.4 mS.cm-1) (Appendix Fig 
A.4). Post-PEF showed increased conductivity in only the PEF treated venison samples 
(11.3 and 12.4 mS.cm-1) compared to 9.8 mS/cm of the NP samples. PEF treatment of 
venison samples was also further established by transmission electron microscopy (TEM), 
showing disrupted Z-bands as a consequence of high PEF (Appendix Fig A.4). Post-ageing 
(21-d) led to small changes in conductivity in the 65% dry aged sample (11.3 to 12.7 mS.cm-
1). In turn, both dry and VP ageing resulted in a noticeable difference in conductivity of the 
NP samples (9.8 at 0-d to 12.7 mS.cm-1 at 21-d).  
 
Shear force (N), which is a measure of meat tenderness, slightly varied between sample 
groups before PEF and ageing. With reference to Appendix Table A.4, shear force values 
 Introduction 
 28  
ranged from 26.3 to 29.1 N prior to PEF and ageing. The effect of PEF on shear force was 
little (26.3 and 26.7 N) compared to NP samples (28.8 and 29.1 N), whereas neither dry 
nor VP-aged affected shear force values post-PEF.  
 
The extent of weight loss was presented as percentages between post-ageing (21-d) and 
post-PEF (pre-ageing, 0-d) of both 65% dry-aged and VP-aged venison sample groups. 
Venison sample groups showed a 51% decrease of mean weight loss across animals. The 
weight loss of 51% was consistent in both NP and HP. In turn, VP-aged animals lost 44% 
of their original weight following 21-d ageing. Taken together, dry-ageing at 65% RH of 
venison led to higher weight loss compared to VP-ageing. TA also reported temperature 
increases of 11.3 °C in the dry-aged and 12.1 °C in the VP-aged sample group as a 
consequence of  PEF and ageing. The values represented the change in temperature relative 
to the NP samples. This finding was crucial, as it provided evidence that PEF did in fact 
result in ohmic heating of subjected venison samples.  
 
In summary, the pH of sample groups was largely consistent among PEF and aged venison. 
Electrical conductivity (mS/cm) was observed following PEF and VP-ageing. PEF and 
ageing did not result in any noticeable changes in mean shear force values (a measure of 
tenderness) in venison sample groups. PEF was associated with visual differences in the 
degradation of myofibrillar proteins (Appendix Fig A.4). Dry-ageing resulted in elevated 
weight loss compared to VP-ageing. As physicochemical properties successfully validated 



































2.1.1 Reagents  
 
hemicals and reagents used were of analytical grade. Acetonitrile and phosphoric 
acid were from May and Baker (Dagenham, London, UK). Acetic acid, ethanol 
and glycerol were from Scharlau Chemie (Barcelona, ES). Ammonium bicarbonate, 
Bradford reagent (B6916), formic acid (HCOOH) (64-18-6)  and iodoacetamide 
(CH2CONH2) were from Sigma-Aldrich Cooperation (St Louis, US). Methanol 
((CH3OH) was from Rhone-Poulenc (Strasbourg, F). CHAPS (3-[3 
cholamidopropyl)dimethylammonio-1-propanesulfonate)  (C32H58N2O7S) (331717-45-
4) from and urea were from Merck KGaA (Darmstadt, GE). Diethyl ether was from 
Riedel-de Haen (Seelze, GE). Hydrochloric acid and sodium chloride were from BDH 
Chemicals (Poole, UK). Ethylenediaminetetraacetic (EDTA) was from Mallinckrodt 





BOLT sample reducing agent (10x) (B0004), BOLT LDS 4x sample buffer (B0007) and 
BOLT MES SDS sample (20x) running buffer (B0002) were from Life Technologies 
(Auckland, NZ). BOLT SimplyBlueTM SafeStain (LC6060) and Novex Sharp Pre-Stained 
Protein Standard (LC5800) were from Invitrogen (Carlsbad, US).  
 
 
2.1.2 Instruments and equipment  
 
Polytron-PT-MR 2100 (Kinematica AG) was from Luzern, CH, benchtop centrifuge 
Allerga X-15R (Beckman Coulter Inc.) from Brea, US. CanoScan LiDE 600F Scanner 
(Canon Inc.) was from Tokyo, JP. Ultraspec 2100 UV/visible spectrophotometer was 
from Amersham Bioscience (Freiburg, GE). BOLT pre-made Bis-Tris 12-well gels (4-
12%) (BG04122BOX) were from Life Technologies (Auckland, NZ). Immobiline Dry 
Strip IEF strips (18cm, pH 3-10) (17-1235-01) and 2D-PAGE Quant Kit (80-6484-51) 
was from GE Healthcare (Buckinghamshire, UK). IPGphor isoelectric focusing apparatus 
was from Pharmacia Biotech (Stockholm, SE). The PEF instrument (PEF HPV5) was 
from DIL Elcrack (Quackenburg, GE). Robotic digestors provided by Intavis AG 
Bioanalytical instruments. LTQ-Orbitrap and TripleTOF 5600+ system provided by 






















2.2.1 Acquisition of red deer samples 
 
ed deer raised on pasture for two years in Southland, New Zealand were slaughtered 
at the Otago Venison abattoir at Duncan South Limited, Mosgiel, Otago, NZ. The 
Duncan South is a branch of Duncan NZ Venison and is responsible for venison export, 
processing and marketing since 1993 (Duncan New Zealand venison, 2015). After slaughter, 
deer carcasses (n = 4) were chilled for 24 h post-mortem at a temperature of 4°C. The mean 
cold carcass weight was 112 ± 9.1 kg. The longissimus dorsi muscles from the left and right 
side of the carcasses were excised and transported on ice to the Food Science Department, 
University of Otago, Dunedin. The longissimus dorsi muscles were trimmed of visible fat 
and connective tissue and cut into rectangular blocks of 318 ± 11.6 g of venison, following 









2.2.2 Processing of venison samples using PEF technology  
 
Venison loins (n = 4) were each cut into 3 sections that were assigned to corresponding 
venison sample groups. Of the 3 sections, one was processed by pulsed electric fields (PEF) 
(Elcrack-HPV5, Department of Food Science, University of Otago) and one section was 
used as a ‘negative’ sample group that was not subjected to any treatment, here referred to 
as a No PEF (NP) control. The third venison section was subjected to only a heating 
experiment, using a temperature equivalent to the maximum temperature measured during 
the PEF treatment of samples. The heating control is referred to as a (TP) temperature 
control (Fig 2.2) Note, the TP sample was not treated by PEF. In conclusion, 4 different 
animals were each split into three different control groups to generate n = 12 venison 
samples. 
 
Venison sections configured for PEF (318 ± 11.6 kg) were cut to fit into the PEF instrument 
treatment chamber that has the dimensions 13 x 8 x 11 cm, located in the Department of 
Food Science, University of Otago. The meat samples were arranged so that the meat fibres 
were aligned parallel to two stainless steel electrodes arranged 8 cm apart with insulating 
material placed around the edges of the electrodes. The operating parameters of the PEF 
instrument that were used were those previously used on a PEF treatment study of beef 
(Bekhit et al., 2014, 2017; Suwandy et al., 2015). The PEF configuration used for this 
treatment was set to batch mode, resulting in bipolar square waves being transmitted through 
the venison samples. The input voltage of 10 kV and electric field strength of 0.5 kV.cm-1 
was previously reported to result in high levels of electroporation in meat (Toepfl, 2006; 
Bekhit et al., 2014). The PEF treatments used by TA provided low and high electric fields, 
of which higher PEF resulted in higher effects on physicochemical properties in venison 
(Appendix Fig A.4). To show oxidative modifications between NP and PEF, the higher 












2.2.3 Ageing of venison samples 
 
All meat samples (n = 12) were further cut into two equally sized portions, resulting in a 
total of n = 24 individual samples. The method was adapted from Nair et al., 2018. Post-
PEF venison sections at day 0 (0-d) were then split and assigned to two distinct ageing trials, 
namely dry and vacuum packaged (VP) ageing (n = 24 corresponding to dry and VP ageing 
at day 0) (Fig 2.1). Dry ageing referred to a meat maturation technique, involving hanging 
the carcasses while fully exposed to the environment. Dry-ageing was carried out under 65% 
relative humidity (RH) at 4 ± 1 °C for 11 days (21-d), followed by 10 days VP-ageing. 
(Note, the dry-ageing venison samples were subjected to both dry and VP-ageing). VP-
ageing involved the use of vacuum bags. VP-aged venison samples were placed in vacuum 





Figure 2.1 Processing workflow of deer Longissimus dorsi samples. Deer (n=4) were 
slaughtered, and the M Longissimus dorsi muscles excised and trimmed into samples before 
pulsed electric field and temperature treatments, 0-d, n = 12. Following ageing (65% RH 
dry and VP), samples were collected at 21-d, n=12. All preparations (n = 24 at 0-d and n = 






2.2.4 Venison sample group selection for protein extraction  
Previous PhD student TA received the original deer samples 2.2.1, conducted PEF 
treatments 2.2.2 and ageing procedures 2.2.3 of venison preparations, of which samples were 
collected and used for the present study.  
 
The literature has outlined that oxidative modifications on meat proteins can vary among 
different animals. Performing investigations of PROX between venison sample groups on 
just one animal would be less accurate. Four animals were chosen as replicates to investigate 
PROX in myosin, actin and myoglobin. To minimize the sample output of proteomic data 
in subsequent procedures of this project, not all four animals were equally divided into dry 
and VP-aged sample groups. As shown in Fig 2.2, only animal I and VI were directly 
compared between dry and VP-ageing following TP, NP and HP treatments. Animals III 
and IV were investigated using either dry or VP-ageing. The decision to use this variation 
was made to directly compare meat processing and ageing of the same animals and whether 
the same meat processing and ageing parameters may differ in separate animals. Acquired 
and selected venison samples that previously underwent the corresponding treatment and 
ageing regime were referred to as venison sample groups.   
 
In summary, venison samples from each animal were allocated to treatment by either TP, 
NP or HP, and each sample treated was sub-sectioned and allocated to either dry or VP-
ageing, in the case of animals I and VI. Animals III and IV were also treated with TP, NP 
and HP, but were only subject to either dry (animal III) or VP-ageing (animal IV). Hence, 
as animals I and VI had two separate treatments, whereas animals III and IV had only one 
each, the total animal sample size based on treatments was now 6. Each fraction of the 
selected venison sample groups was acquired at both 0-d and 21-d of the corresponding 
ageing method. Thus, the total quantity of venison sample groups used for subsequent 








   F
igure 2.2 Sum
m
ary of selected venison sam
ple group preparations for protein extraction. V
enison sam
ples from
 a total of 4 deer w
ere used at various 
PE
F treatm
ents and corresponding ageing procedures. E
ach sam
ple w
as collected at both 0-d and 21-d. T
he total num
ber of individual sam





2.2.5 Protein extraction of sarcoplasmic and myofibrillar proteins  
 
Venison samples (200 ± 4 grams, n = 36, stored at -80°C) were thawed on ice for 30 min, 
diced into small pieces (4 mm3) and placed into a clean 2 mL microcentrifuge tube, with 1 
mL pre-chilled sarcoplasmic protein extraction buffer (40 mM Tris, 5 mM EDTA, pH 6.8) 
and then homogenised. Samples underwent homogenization using a polytron instrument 
(Polytron-PT-MR 2100; Kinematica AG, Littau-Lucerne, Switzerland) at 16,100 rcf for 5 
min until all protein material was uniformly homogenised. Then, the homogenate was 
centrifuged at 16,100 rcf for 5 min. The resulting supernatant was removed and stored at 
4°C as sarcoplasmic extraction 1 (SN1), while the remaining pellet was resuspended in 1 
mL extraction buffer (40 mM Tris, 5 mM EDTA, pH 6.8), again homogenized and 
centrifuged at 16,100 rcf for 5 min. The supernatant was removed and retained as 
sarcoplasmic extract 2 (SN2). The SN2 fraction represented a second homogenization 
procedure. Both SN1 and 2 were subsequently used for preliminary evaluation of extraction 
to determine the efficiency and consistency of protein extraction (Fig 2.3).  
 
The pellet remaining after the second sarcoplasmic protein extraction contained the 
myofibrillar components. The pellet was resuspended in 1 mL SDS extraction buffer (50 
mM Tris, 1 mM SDS, 5% 2-mercaptoethanol, pH 6.8). Following instructions of Rehbein 
and Karl, 1985, a pH of >6 optimises extraction and solubilization of myofibrillar proteins. 
Denaturing mf-PROTEX parameters included homogenization (Polytron-PT-MR 2100) 
as conducted for SN1 and SN2. In contrast to sarcoplasmic protein extraction, myofibrillar 
proteins underwent a heating step (Dri-Block DB – Heater, Life Sciences) at 90°C for 5 
min (Fig 2.3) prior to centrifugation (16.100 rcf, 5 min). The original stock solution for 
preliminary evaluation of extraction of each sarcoplasmic and myofibrillar proteins on 
venison sample groups was 2 mg.mL-1, which was used for 1D-SDS-PAGE (1D-PAGE) 
display.  
 
For the tryptic digest-LC-MS workflow, extracted sarcoplasmic and myofibrillar 
preparations of PROTEX were then combined (50 μL of each sar and mf-PROTEX) into 
a new 1.5 mL centrifuge tube. The 100 μL mixture was then stored at 4°C for subsequent 
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2.2.6 1D-PAGE analysis of protein extracts  
 
Sarcoplasmic and myofibrillar protein extracts of venison samples were analyzed by 1D-
SDS-PAGE, initially to evaluate the protein extraction, and subsequently to prepare PAGE 
gel lanes of protein extracts for in-gel digest mass spectrometry workflow. The 1D-SDS-
PAGE investigation was conducted using precast polyacrylamide gels (BOLTTM 4-12%, Bis-
Tris, 12-well), manufactured by BOLT Invitrogen. Extracted venison protein preparations 
were visualized using one dimensional sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (1D-SDS-PAGE). A 10 μL aliquot of 1:1 sarcoplasmic and myofibrillar 
fractions from each animal was mixed with sample buffer and reducing agent. For BOLT 
Invitrogen procedures, 3.8 μL of 4x BOLT LDS sample buffer (Life Technologies, B0007, 
stored 4°C) and 1.5 μL 10x BOLT sample reducing agent (Life technologies, B0004, stored 
4°C) was added to the liquid venison preparation. Samples were incubated at 70°C for 5 
min in a programable dry block heater (thermal Dry-Block DB – Heater). Samples were 
cooled down at room temperature (21°C) for 5 min. Twenty µL of 1x BOLT MES SDS 
running buffer (Life technologies, B0002) was mixed with 380 µL of milliQ H2O to 
generating a 1:20 dilution. Invitrogen BOLT SDS PAGE premade BOLT gradient (4-12%) 
Bis Tris gels (Life technologies, BG04122BOX) were placed into the gel apparatus filled 
with running buffer. Protein Standards (Novex Sharp Pre-Stained Protein Standard (10 μL), 
Life technologies, LC5800, stored 4°C, were used as molecular weight marker. 
Electrophoresis was conducted at 165 V for 35 min at room temperature.  
 
BOLT gels were washed 4x in milli-Q water for 6 min each with gentle agitation. Following 
washing, gels were stained in 20 mL SimpleBlueTM SafeStain (Invitrogen LC6060) with 
gentle agitation overnight for 16 hours. Following staining, the gels were de-stained with 











2.2.7 Large Format 2D-PAGE of sarcoplasmic protein extracts  
 
2.2.7.1 First dimension isoelectric focusing  
Aliquots of selected venison sample sarcoplasmic protein extracts were displayed on large 
format 2D-PAGE to enable comparison of three 0-d and three 21-d (TP, NP, HP) venison 
samples. Aliquots (100 μL) were taken from the 2 mg.mL-1  sarcoplasmic protein extract 
stock solutions of the corresponding treatments (day 0, n = 3 & day 21, n = 3) and processed 
using a 2D clean up kit (GE Healthcare, 80648451), following the manufacturer’s 
instructions. The protein pellets obtained from the 2D Clean Up procedure were dissolved 
using 360 μL rehydration buffer (7 M urea, 2 M thiourea, 4 mM Tris(2-
carboxyethyl)phosphine (TCEP), 2% (w/v) 3-[3 cholamidopropyl) dimethylammonio-1-
propanesulfonate (CHAPS)], 50 mM dithiohtreitol (DTT)), and used to rehydrate 18 cm 
pH 3-10 NL Immobiline DryStrip isoelectric focusing (IEF) strips (GE Healthcare, 
17123501). The first dimension electrophoresis was conducted on an IPGphor Isoelectric 
focusing apparatus over 24 h for a total of 96.4 kV.h. Following IEF the strips were 
incubated in reducing buffer (6 M Urea, 130 mM DTT, 375 mM Tris-HCl, pH 8.8) for 10 
min and then alkylated (6 M Urea, 135 mM Iodoacetamide, 375 mM Tris-HCl, pH 8.8) 
for 10 min at room temperature.  
 
2.2.7.2 Second dimension SDS-PAGE  
The reduced and alkylated IPG strips were transferred onto large format 12.5% SDS PAGE 
gels and sealed in place with molten 0.5% (w/v) agarose in 1 x SDS-PAGE electrophoresis 
buffer. The SDS-PAGE gels were electrophoresed in an ETTAN-DALT6 electrophoresis 
apparatus (GE Healthcare) in 1 x SDS-PAGE electrophoresis buffer (25 mM Tris, 192 mM 
glycine, 0.1% SDS, pH 8.3) at 2 W for the first hour and 15 W for 5 hours at 15 °C (Nair 
et al., 2018). The electrophoresed 2D-PAGE gels were washed twice in 40% (v/v) methanol 
and 7% (v/v) acetic acid for 30 min each, and then stained overnight in a colloidal Coomassie  
(40% (v/v) methanol, 7% (v/v) acetic acid, Brilliant Blue G-250 colloidal Coomassie 
(Candiano et al., 2004).  The gels were de-stained for 1 h in 5% (v/v) phosphoric acid, 10% 
(v/v) ethanol. Images of the gels were captured using a Canon CanoScan LiDE 600F 







2.2.8 Bradford protein assay 
 
Following PROTEX, protein concentrations of combined sarcoplasmic and myofibrillar 
extracts were quantified using the Bradford protein assay (della Malva et al., 2018) (Fig 2.4) 
Bradford protein assay was used to determine the total protein content of venison 
sarcoplasmic and myofibrillar protein extracts to provide consistent concentrations of 
protein, which can then be accurately compared by quantitative and proteomic analyses. 
Each protein concentration of the 36 venison sample groups was measured. Following 
analysis of aliquots of venison protein extracts by the Bradford assay, extract samples were 






Fig 2.4 Bradford protein calibration curve. Total protein of Bovine Serum Albumin (BSA) 









2.2.9 In-gel tryptic digest workflow for mass spectrometry  
In-gel tryptic digest was conducted on aliquots of combined sarcoplasmic and myofibrillar 
fraction electrophoresed on 1D-PAGE (n=36). In-gel-digest procedures were carried out as 
described by Shevhcenko et al. (2007), in the Centre of Protein Research (CPR facility, 
Department of Biochemistry, University of Otago). The loading level of proteins was 
determined to be 50 μg of venison protein per gel lane, which was considered optimal for 
in-gel digest and LC-MS investigation. Using a clean razor blade, an entire lane was excised 
from a 1D-SDS-PAGE, cut into small (1 mm x 1 mm) cubes and carefully placed into 
centrifuge tubes containing 20 μL 80% (v/v) acetonitrile for protein solubilisation, which 
detects peptides in liquid preparations (LC-MS). Each centrifuge tube (n = 6) contained an 
individual gel lane, which was in the form of multiple individual cubes. The workflow for 
the in-gel tryptic digestion was conducted in a robotic instrument using a CPR protocol, as 
outlined in Fig 2.5.  Digested venison protein samples were subsequently dried in a  vacuum 
centrifuge concentrator (Thermo Fisher). Following solubilization, all peptide fractions were 
stored at 4°C.  
 
 
Figure 2.5 Processing workflow of in-gel digestion of samples. Venison samples (n=36) 





2.2.10 Mass spectrometry analyses of in-gel digests of venison extracts  
 
2.2.10.1 TripleTOF® 5600 Quadrupole Time-Of-Flight (QTOF)  
Triple-TOF mass spectrometry was carried out to validate whether the sequence coverage 
was matching and consistent compared to orbitrap. Trial experimentation was conducted to 
verify whether the sequence coverage scores generated by Orbitrap LC-MS (Thermo Fisher 
Scientific) would be accurate for later proteomic data analysis on 36 individual samples. 
Triple-TOF procedures were executed following standard operating procedures outlined 
by the CPR facility and TripleTOF® 5600 Sciex. For trial investigations of venison proteins 
to validate sequence coverage, the m/z ratio was used.   
 
An aliquot of 20 μL	was taken from the stock solution (100 μg.mL-1) corresponding to 
animal I TP (n = 1). Once solubilised, standard calibration assays were carried out with 
trypsin prior to the sample run. As part of  MS1 acquisition and processing methods, the 
MS reflector and sigma mode were both set to positive at a peptide mass range of 900 and 
4000 Da and focus mass of 2100 Da. The laser intensity was set to 4300 with a total 
frequency of 800. 10 strongest precursor ions were chosen for collision-induced dissociation 
(CID) at 1.3 x 10-9 bar air pressure. For CID-MS2 scans, laser intensity was set to 5400 and 
a frequency of 4000 pulses per spot. Results were analysed using Thermo Proteome 
Discoverer (TPD) 2.4.  
 
2.2.10.2 LTQ Orbitrap Liquid Chromatography  
LTQ Orbitrap LC-MS procedures were performed on in-gel tryptic digests of venison 
samples (n = 36) resulting in peptide fragments. Stored samples (4°C) were solubilized with 
20 μL Solvent A (80% (v/v) acetonitrile, 0.1% (v/v) formic acid) following vacuum 
dehydration and concentration. Protein solubilization instructions were followed to 
procedures listed by Thermo Fisher Scientific and described by Feist et al. (2015). Samples 
were heated (3.5 min at 37°C) and sonicated using ultrasonic frequencies.  Aliquots of 1	μL 
diluted 1:10 to Solvent A, were used for orbitrap LC-MS test runs for protein normalization 
purposes (test-run, t = 45 min, Appendix Fig A.3). Remaining protein fractions (19 μL, n 
= 36) were stored at 4°C.  
 
Peptide identification of normalized data was again subjected to orbitrap LC-MS (sample 
run). Sample runs (5 μL, n = 36) were transferred into fresh orbitrap vials (supplied by CPR) 
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and placed into the pump apparatus of the LTQ Orbitrap XL, CPR facility. Previously, the 
machine was calibrated using 80% (v/v) acetonitrile. Sample analysis of digested proteins 
was conducted with a scan range of 400 to 2000 m/z values at positive polarity. Parameters 
of the orbitrap setting, including focus mass, laser intensity, temperature and air pressure 
were set identically to Triple-TOF instrumentation. 10 strongest precursor ions were 
selected for MS/MS CID procedures. MS 2 scan precursor selection was based on an 
isolation width three and normalized collision energy of 35. The minimum signal to noise 
threshold was set to 5000 with a maximum dynamic range of 2 repeat counts. For 
comparisons and validation purposes using sequence coverage between TripleTOF and 
Orbitrap, a deer sequence database of European Red Deer was used in both systems.  
 
LC-MS test runs (t = 45 min) per sample were performed on all proteins (5 µL, n = 36), 
resulting in normalization of intensity (relative abundance) measurements between t = 18- 
and 41-min (example in Appendix Fig A.3). Sample volume was adjusted using solvent A 
(80% (v/v) acetonitrile, 0.1% (v/v) formic acid) (Appendix Fig A.1). Normalization was 
calculated using the higher mean intensity value / lower mean intensity value, resulting in 
an adjusted total protein volume of 15 µL per preparations. LC-MS sample runs per animal 
(5 µL, n = 36, t = 120 min) were run subsequent to test runs. For more detailed background 






2.2.11 Analysis of orbitrap LC-MS data  
 
2.2.11.1 Analysis of oxidative modifications using search algorithms  
LTQ Orbitrap XL data of in-gel digest venison peptides in each sample (n = 36) were 
exported to a proteomic software platform, called Thermo Proteome Discoverer (TPD) 2.4, 
available in the CPR facility. Proteome DiscovererTM was chosen for protein identification 
and quantification of selected sarcoplasmic and myofibrillar proteins as TPD is well 
recognized as a reliable tool for the rapid and efficient generation and implementing of 
various search algorithms (Mohtashemi, 2012). Using this integrative system, venison 
proteins were subjected to a defined search platform, including a spectrum selector, a filter 
and a search node, eventually creating a processing workflow. Data originating from LTQ 
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Orbitrap XL was converted into a SEQUESTTM HT search algorithm, which was used for 
identification and annotation to a known protein database. The input data interphase was 
defined based on a provided FASTA sequence database, downloaded from UniProt. (A 
protein FASTA file represents the code of all amino acids of a given protein, which was 
used for protein to protein alignments).  
 
The Uniprot European red deer sequence (Cervus elaphus hippelaphus) FASTA sequence 
was obtained from https://www.uniprot.org/uniprot/?query=Cervus+elaphus+hippelaphus+&sprt=score 
In proteomics, the enzyme of digestion (trypsin) and the maximum missed cleavage sites of 
2 were implemented in the TPD. Minimum and maximum peptide lengths were set to 6 
and 144 residues, respectively. Precursor mass tolerance was set to 10 ppm and a fragment 
mass tolerance of 0.5 kDa was chosen. Filters were selected based on dynamic modifications, 
proteins of interest and amino acid residues. A maximum of three dynamic modifications 
was allowed per detected peptide. To view the full procedure used for TPD, refer to 
Proteome Discoverer User Guide  
https://assets.thermofisher.com/TFS-Assets/CMD/manuals/Man-XCALI-97808-Proteome-Discoverer-User-
ManXCALI97808-EN.pdf. All relevant parameters for TPD searches are shown in Appendix 
Table A.3.  
 
Proteomic data of venison proteins generated by the processing workflow resulted in 
fragments (6 – 144 resides each) that matched a particular protein in the deer sequence 
database. Following LC-MS procedures, these fragments refer to MS spectra. As reviewed 
by Alfaro et al. (2017), tryptic digests result in large libraries of peptides, called peptide 
spectrum matches (PSMs). The number of PSMs to a given protein could vary, thereby 
leading to different peptide spectra. Categorizing and assigning collected spectra to specific 
residues is a challenge in mass spectrometry. To simplify the search of a large volume of 
spectra, proteomic data is sorted through a specific automated ‘scoring algorithm’ (Frank, 
2009). The algorithm, here called SEQUESTTM HT, allocated individual PSMs against 
theoretical peptides from the European red deer database. Using PSMs as candidates for 
peptide identification, the scoring function assigned PSMs to a database using numerical 
values.   
 
The TPD software conducted searches based on PSMs, which were used to finalize a 
consensus workflow.  As described by Osbourne (2015), the consensus workflow of the 
TPD software was carried out to investigate proteomic datasets of aligned PSMs to annotated 
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proteins of the deer FASTA sequence. The primary search per sample (n = 36) was run 
against the European Red Deer Sequence Database (Uniprot), including both annotated 
and hypothetical proteins (Fig 2.6). The average time per search using these parameters was 
80 hours per individual sample. As the data output of LC-MS based on oxidative 
modifications in venison sample groups provided up to several thousand modifications per 
sample, only 6 modifications were permitted for each PSM, including 3 equal modifications 
per peptide (Appendix Table A.3).  
 
2.2.11.2 Quantifying PSM matches based on oxidation abundances  
Orbitrap ion trap analysis was conducted based on intensity measurements (relative 
abundance) of oxidative modifications in peptides of the corresponding venison samples. In 
mass spectrometry, relative abundance (A) is defined as the quantity of a particular 
modification of a specific residue relative to other PSMs of interest. The value of abundance 
referred to the total number (intensity) of a particular oxidative modification of a detected 
PSM. The higher the detection rate of an individual or multiple oxidation events (max 3 
allowed per peptide), the higher the abundance of that modification per matching PSM. In 
summary, the abundance values of oxidation were not based on m/z ratios, but rather on 
the abundance of a particular modification that occurred on PSMs, which aligned to known 
proteins (Fig 2.6). The original workflow parameters of SEQUESTTM HT search platform 
included all amino acids available by Thermo Proteome Discoverer 2.4, Table 2.2.  
 
 
Table 2.2 Selected oxidative modifications on amino acids of the primary sample 
run. Search method of SEQUEST HT processing workflow for proteomic searches 
of red deer databases using Thermo Proteome Discoverer 2.4  
 







C, D, E, F, H, I, K, L, M, P, Q, R, S, T, U, V, W, Y 
C, E, F, I, K, L, M, P, R, V, W, Y 





















2.2.12 Data visualization and representation of oxidative 
modifications    
 
2.2.12.1 Quantitative data analyses of oxidation 
Using a primary study run on the entire set of deer proteins available in the deer FASTA 
file, all residues subject to oxidation could be established (Table 2.2). As the trial 
experimentations and orbitrap primary sample run revealed that 53 % of proteins on the 
deer FASTA database were hypothetical, the data was split, and a secondary refined run was 
initiated (Fig. 2.6). Using a secondary sample run, investigations of oxidative modifications 
only included PSMs that matched non-hypothetical deer proteins. Quantitative analyses 
referred to three separate experiments that examined venison sample groups (2.2.4) based 
on oxidative modification due to ageing regime, ageing time and PEF treatment (Fig 2.7). 
 
Quantitative analyses were performed, comparing mean oxidative modifications of proteins 
of all abundances in venison sample groups between ageing condition (dry & VP), ageing 
time (0-d & 21-d) and heating/PEF treatments (TP, NP & HP) in 6 animal groups (Fig 
2.6). The TP, NP and HP controls were here simplified to ‘treatments’ in both quantitative 
and proteomic analyses. Data sets of mean oxidative modifications on proteins from all 
venison sample groups (n = 36) were initially investigated based on the ageing procedure, 
namely dry and VP-ageing. As shown in Fig 2.7, The first experiment (‘Effect of ageing 
condition on PROX’) combined treated samples (n = 3) at either time of ageing (n = 2) in 
animals I, III and VI (n = 3) and compared oxidative modifications based on ageing 
procedure (dry, n = 18 vs VP, n = 18). The second experiment (‘Effect of ageing time on 
PROX’) combined treated samples (n = 3) at either ageing procedure (n = 2) in animals I, 
III and VI (n = 3) and compared oxidative modifications based on ageing time (0-d, n = 18 
vs 21-d, n = 18). The third quantitative experiment (‘Effect of PEF on PROX’) analyzed 
each venison sample based on the three treatments (TP, NP and HP) (n = 12).  
 
Note, quantitation of PROX was measured specifically on oxidative modifications of 
selected proteins of the corresponding venison sample group, not the abundance of the 
proteins within the sample. Abundance was quantified as the number of different peptides 
per protein detected with between one and three modifications. Peptides with di and tri-
oxidation events were only counted once while two or more overlapping peptides were 
counted as two different modifications even if they included the same modification. Thus, 
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the total number of peptides were counted that appeared sufficient to be detected with an 
oxidative modification. Selected proteins for analysis include actin, myosin and myoglobin, 
for quantitative analyses termed ‘master’ proteins (Fig 2.6). Master proteins were compared 
to oxidative modifications on ‘total’ proteins, which include all annotated proteins in the 
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2.2.12.2 Proteomic data analyses of oxidation 
Proteomic investigations were performed using only modifications of highest abundance in 
both 0-d and 21-d in venison sample groups. To accurately determine the ‘most abundant’ 
modifications, abundance ratios (AR) were used to refine datasets to only the highest 
oxidation hits on peptides within exclusively master proteins. Proteomic analyses provide 
an insight to the abundance of the same oxidative modifications on specific residues that 
occur at 0-d and 21-d. The decision to include only top abundant proteins was based on 
two purposes. First, to accurately investigate the type of oxidation on amino acid side chains 
on master proteins and the influence of PEF and ageing condition on oxidative 
modifications. Oxidative modifications were most informative on the most abundant 
proteins (21-d / 0-d) and could be used to provide an insight of the oxidative events 
occurring in meat at 21-d relative to 0-d. Secondly, the proteomic dataset was too large to 
examine and present each modification and at lower abundances may be less accurate to 
draw conclusions from. In mass spectrometry, each oxidative modification on PSMs 
matching master proteins was detected at various abundances in both 0-d and 21-d samples, 
which were analysed using the same consensus workflow. To differentiate high and low 
abundance values between 0-d and 21-d, the log transformation of (AR range, 0.01 ≤ AR 




As the values of AR log2 (21-d / 0-d) were used, only the abundances were examined that 
were highest at 21-d compared to 0-d. Note, AR log2 values at positive range (AR log2 ≤ 
6.64) include all oxidations detected with higher abundance at 21-d relative to 0-d, whereas 
AR log2  ≥ -6.64 values would examine the degree to which abundances were higher at 0-
d. The calculations were applied to every oxidised protein with AR log2  ≥ 2.  For 
presentation purposes, an abundance value of 1 demonstrated the highest possible rate of 
oxidation (AR log2  = 6.64), whereas a value of 0 was normalized using (AR log2 = 2.00) 
for simplification. An example of the selection process of the most abundant oxidations (2 
≤ AR log2 ≤ 6.64, here simplified to x ≥ 2, x ≤ 6.64, where x present the AR value of 
oxidative modifications) in the three treatment groups were shown on actin (Appendix Fig 
A.12). The purpose for using log2 values of only most abundant master proteins in each 
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venison sample group was to selectively compare relevant oxidations on amino acids in 
master proteins while keeping the sample size to a minimum.  
 
As each SEQUEST HT search on proteome discoverer was set at cut off AR log2 = 2, each 
venison sample group resulted in variable oxidation numbers (n), which made mean value 
presentation of protein abundance and treatment groups per animal for heatmap 
representation less accurate. This was due to the high differences in data dispersion could 
not be illustrated using standard deviation or standard error based calculations in specifically 
heatmaps.  
 
2.2.12.3 Heatmap visualization  
The abundances (x ≥ 2, x ≤ 6.64) of oxidative modifications on master proteins were 
visualized on heatmaps. Heatmap presentations of oxidative modifications on master 
proteins were chosen as a label-free numeric approach to illustrate primarily the oxidative 
modifications, oxidised residues and a direct comparison of abundances between 21-d to 0-
d samples. The approach was adapted from Gallego et al. (2018). 
 
The heatmaps were generated using the software ‘Rstudio’. The following packages were 
installed in ‘Rstudio’ and used: ‘readxl’, ‘tidyr’ and ‘ggplot2’. Each package served as a 
distinct function of data presentation and formatting (Sharp Site, 2016). ‘readxl’ is a package 
that translated and reads .xlxs _files into ‘Rstudio’. The proteomic data sets were extracted 
from the TPD software. The data was originally stored in spreadsheets (xlsx extensions), 
which was converted to read files that the program ‘Rstudio’ could use as a working 
directory. The package ‘tidyr’ contained functions for data wrangling and enabled organising 
data into a particular format that could be used for programming and designing system 
functions. The heatmaps were subsequently generated using the package ‘ggplot2’, a well-
known and frequently used data visualization and customization tool for a number of plots 
in ‘Rstudio’ (Oliver, 2018).  
 
Before data was read using readxl, ‘Rstudio’ required a directory (location) to read the files 
from. This was the file path where the data was stored (TPD). Once this was set up using 
the command ‘setwd()’, the VP and dry data files at 0-d and 21-d were read using readxl. 
The abundances could now be normalized by combining all AR values of oxidative 
modifications (x ≥ 2, x ≤ 6.64) of both VP and dry-aged venison. The minimum and 
maximum values for 0-d and 21-d abundances were extracted and all standardised. 
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Normalization of data values (x ≥ 2, x ≤ 6.64 converted to abundance readings of 0 – 1 for 
simplification) was performed to create a consistent numeric colour scheme, based on the 
label-free proteomic datasets that would allow distinguishing abundances in all animals to 





Where ‘a’ was a given abundance value, ‘x’ and ‘y’ were the abundances at 0-d and 21-d, 
anxy was the normalized abundance value between 0-d and 21-d. amin at y was the minimum 
abundance value for day 21-d and amax at y was the maximum abundance value at 21-d. 
Normalized data was then further standardised into reference values 0 – 1, representing 
converted min and max abundances. The standardised values of oxidation abundance (0-1) 
referred to (2 ≤ AR log2 ≤ 6.64), where a value of 0 was equal to 2 and 1 was presenting 
6.64. (Code for heatmap function was provided in Appendix page 6 & 7). Each heatmap 
analysis was conducted on all venison sample groups (n = 36), was compared between 0-d 
and 21-d per individual illustration, leading to 18 individual sample groups.  
 
2.2.12.4 2D Pie Chart illustrations of oxidised residues  
A further investigation isolated all residues that were oxidised (x ≥ 2, x ≤ 6.64) out of each 
venison sample group, which was first presented between ageing groups (dry and VP) and 
treatments (TP, NP, HP). Note, the investigations of amino acid oxidation was only 
performed on high abundance protein matches. The purpose here was to visualise and 
compare oxidised residues between ageing regimes and treatments. For analyses on residues, 
venison sample groups (n = 36) were split into dry (n = 18) and VP-aged sample groups (n 
= 18). Statistical correlations provided were based on the number of identified residues in 
each of the two sample groups, not on the sample groups individually. For treatment and 
ageing sample groups, each sample was allocated to the three ageing groups (n = 6, including 
three treatments at both 0-d and 21-d) and residues were statistically compared based on 





2.2.13 Bioinformatic analyses of hypothetical proteins  
 
2.2.13.1 BLAST – tool for comparative sequence alignment 
To investigate and annotate the ‘hypothetical’ protein FASTA sequence that was isolated 
from the original primary study (2.2.11.2, Fig 2.6), proteins were aligned against an 
artificially generated ‘ruminant’ database consisting of sheep, goat and cow proteins (Fig 
2.8). The European red deer database, download from UniProt, was not fully annotated. 
This means that during proteomic searches, most proteins were hypothetical and could not 
be grouped into protein families, such as myofibrillar and sarcoplasmic proteins. 
Approximately 57% of all deer proteins required further proteomic annotation to enable full 
proteomic investigation of venison. Large scale proteome annotation was performed using 
basic local alignment sequence tool (BLAST), which was created from sheep (ovis aries, 
Uniprot), goat (capra hircus, Uniprot) and cow (bos taurus, Uniprot) and aligned against 
putative proteins of the European red deer (cervus elaphus hippelaphus) proteome (Fig 2.8). 
The ‘ruminant FASTA protein database’ was generated with the primary goal as a reference 






Figure 2.8 Illustration of proteome annotation workflow. Sheep, goat and cow proteomes 








2.2.13.2 InterProScan – protein sequence annotations using pfam  
Hypothetical non-annotated proteins of the European red deer sequence database were 
annotated using InterProScan (IPS). IPS is an innovative bioinformatic database that 
integrates multiple protein sequence databases, including motif databases, such as PROSITE 
(Falquet et al., 2002), based on protein function,  PRINTS (Attwood et al,, 2002) using 
protein fingerprints of conserved motifs, BLOCKS (Henikoff et al., 2000) and Pfam (Protein 
domain families), annotating proteins based on structural and functional families of proteins 
(Bateman et al., 2002). Other databases, included in IPS are Protein Information Resource 
(PIR), SwissProt (Bairoch and Apweiler, 2000), SMART (Simple Modular Architecture 
Research Tool) (Letunic et al., 2002) and multiple other proteome annotation platforms, 
outlined by Müller, 2002. Using command line codes and the Biochemistry Server 
(Department of Biochemistry), deer FASTA (hypothetical) protein sequences (residue 
number) were aligned to all integrative pfam and domain matches in the IPS, resulting in a 
large gff file (refer to https://github.com/ebi-pf-team/interproscan/wiki/OutputFormats).  
The investigation of hypothetical protein alignments using pfams was conducted similarly 
to Loewenstein et al. (2009). The hypothetical proteins of the data (FASTA sequences) were 
removed from the original sequence, which resulted in non-hypothetical proteins. 
Hypotheticals were ‘translated’ into gff files that were matched against all proteins in the IPS 
database based on familiarities in protein families (pfams).  
 
Note, the output of the BLAST and IPS bioinformatic proteome annotation analysis was 
carried out separately to the original investigation on oxidative modifications in venison. 




































3.0 Overview of experimental data workflow 
 
 
rior to undertaking the project it was important to consider the workflow to be used 
for generating the experimental data that would be suitable to answer the proposed 
hypotheses and aims. Based on the relevance of the project (1.9.1), the background from 
PhD student TA’s previous study (1.9.2), the research objective of the present project 
(1.9.3), the aims (1.9.4) and the outlined methodology (2.2), a comprehensive overview of 
the experimental data was illustrated (Fig 3.1). Physicochemical properties of PEF, dry and 
VP ageing on venison samples that were subsequently used for comparative analyses based 
on oxidation were initially presented and reviewed. The present project included a series of 
validation experiments (PART I) to show that procedures were consistent, reliable and 
efficient for quantitative (PART II A) and proteomic analyses (PART II B). These two 
analyses determined the extent of oxidative modifications on pre-selected proteins in 
venison sample groups. The data to annotate deer hypothetical proteins (not part of the set 
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3.1 Preliminary evaluation of protein extraction  
 
Samples were collected from TA based on criteria outlined in 2.2.4 and were selected for 
extraction of myofibrillar and sarcoplasmic proteins.  Before extraction, a preliminary 
extraction validation experiment of venison proteins from TA’s samples was conducted to 
verify the effectiveness and consistency of protein extraction (PROTEX) throughout all 
venison sample groups. Trial validation experiments using 1D-SDS-PAGE (1D-PAGE) 
visualization showed that extraction was consistent among TP, NP and HP treated venison 
samples (Fig 3.2). The addition of a second buffer homogenization procedure (Fig 3.2 B) 
using the EDTA/Tris buffer system to extract sarcoplasmic (sar) proteins was efficient, 
thereby validating that only one extraction cycle was required to successfully obtain venison 
sar-proteins (Fig 3.2). The SDS/2-mercaptoethanol based extraction of venison myofibrillar 
(mf) proteins was successful in solubilisation and visualization by 1D-PAGE (Fig 3.2 C). As 
both extraction systems resulted in the same banding resolution throughout repeated 
extractions of venison sample groups, the method of the extraction sequence used here was 
reliable to extract venison proteins.  
 
3.1.1 1D-PAGE preliminary extraction  
Venison protein extracts were separated and visualized using 1D-PAGE. The 1D-PAGE 
(Fig 3.2), showed a range of proteins subjected to denaturing mf-PROTEX and non-
denaturing sar-PROTEX. Denaturing conditions were associated with a large number of 
fragments distributed through the gel of mf and sar-PROTEX (della Malva et al., 2018). 
Protein banding patterns of mf-proteins (Fig 3.2 C), resulted in identical and matching bands 
to previously recorded molecular weights in beef, lamb, pork, and chicken (Fadda et al., 
1999, Bekhit et al., 2014, 2017; Zajac et al., 2016; Grujíc and Savanović, 2018). Sequence 
comparisons of both sar and mf-proteins seen on the 1D-PAGE (Fig 3.2) were compared 
to known protein sequences and verified using BLAST. Sequence alignments of matching 
sar and mf-protein to databases of the National Center for Biotechnology Information 
(NCBI) are provided in Appendix Table A.5 and A.6, respectively. 1D-PAGE visualization 
of extracted protein revealed efficient extractability predominantly in low molecular weight 
proteins (>45 kDa), including actin, myosin light chains (MHC) and troponin (della Malva 
et al. 2018). Here, mf-proteins referring to both high (110-260 kDa) and low molecular 
weights were observed. The data shows light and heavy chain fragments (20 kDa and 220 
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kDa) of myosin and also actin (42 kDa). Similar to beef, lamb and chicken, myosin heavy 
chain (MHC) and actin of mf-PROTEX were the most prevalent mf-proteins in extracted 
venison preparations (Fig 3.2 C). A result that confirmed the previous hypothesis in the 
literature, confirming that actin and myosin were the most abundant myofibrillar proteins 
in meat (Lund et al., 2011; Marino et al., 2014; Bekhit et al., 2014, 2017). Sar-PROTEX 
visualization by SDS-PAGE was compared with results of Kim et al., (2013), Bekhit et al. 
(2014), Ryder et al. (2015) and Nair et al. (2018), confirming consistent extraction of 
myoglobin at 17 kDa. Extraction of venison proteins of animal I (TP, NP, and HP) resulted 
in the same banding patterns at 0-d and 21-d dry ageing.  
 
Preliminary validation of sar and mf-protein extraction revealed that the method of 
PROTEX resulted in efficient and consistent isolation of venison proteins. As the protein 
concentrations of both venison sample groups was consistent among the venison sample 
groups, preliminary extraction determined the amount of protein extract provided was 
suitable for SDS-PAGE display (Fig 3.2). The mean protein concentration of all venison 
sample groups after extraction was 2 mg.mL-1. The results showed that mf-PROTEX 
resulted in considerably higher protein contents (given it was 1/10 diluted compared to 1/5 
of sar-proteins), although the concentration was the same. The data shows that myofibrillar 
proteins are present in much higher abundancy compared to sar-proteins. Alternatively, the 
extraction of mf-proteins was more efficient compared to sar-proteins. It was also 
determined that extracted proteins were not degraded as a consequence of PEF (Fig 3.2) or 
21-d ageing (Appendix Fig A.5). Although PROTEX suggested different efficiencies of 
extraction for sar and mf-proteins, the provided method of extraction was given credibility 
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3.1.2 2D-PAGE validation of venison sarcoplasmic proteins  
 
To further evaluate the protein complement extracted from venison, 2D-PAGE was 
conducted. As 2D-PAGE involved first dimension isoelectric focusing (IEF), only the 
sarcoplasmic protein complement was analysed, as SDS based mf-PROTEX has been 
associated with inconsistent results using IEF. IEF of mf-proteins was previously found to 
be disrupted by the presence of residual SDS/2-mercaptoethanol buffer system (Sperk and 
Strieder, 1991). The use of 2D-PAGE created a more detailed analysis of protein 
identification based on molecular mass and pI-value. The objective of 2D-PAGE was to 
provide an additional visualisation of extracted sar-proteins to evaluate whether the protein 
extraction was reproducible and whether differences in the protein profile could be detected 
as a result of treatment and ageing of the meat samples. As shown in Fig 3.3 and 
accompanying Table 3.1, protein identities (spots) were compared to previous analyses using 
matrix-associated-laser-desorption ionization (MALDI) of the same venison sample groups 
conducted by Chun Zhao, 2018. Zhao (2018) reported total ion scores and the sequence 
coverage of proteins in the same venison samples (Table 3.1). Scores of visualised sar-
proteins were also compared to other 2D-PAGE on meat materials published in the 
literature (Picariello et al., 2006). As part of the preliminary extraction and validation 
analyses, 2D-PAGE of sar-proteins was repeated in one venison sample (animal I) treated 
with TP, NP and HP at both 0-d and 21-d 65% dry ageing (Appendix Fig A.6).  
 
With reference to Fig 3.3, 2D-PAGE provided visual evidence that myoglobin was part of 
the sar-protein extracts, which was consistent in treatment and 21-d dry ageing (Appendix 
Fig A.6). Other identified sar-proteins included but are not limited to creatine kinase, beta 
enolase, G3P dehydrogenase and peroxiredoxin (Prdx) 6 (Fig 3.3). The results obtained in 
Fig 3.4, enabled a visual assessment of the effect of PEF and 65% dry-ageing on both the 
molecular weight and isoelectric point. Both the molecular weight and isoelectric point of 
sar-proteins were not affected by PEF or dry ageing (Appendix Fig A.6), as samples appeared 
consistent throughout treatments and ageing. Based on gel electrophoresis, neither dry or 
VP-ageing appeared to impact on protein solubility, changes in protein content or overall 
disturbances in banding patterns, shown by time-course 1D-PAGE visualization between 
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Creatine kinase is natively an octamer, but under reducing and denaturing conditions was 
observed as four individual dimers (circle 1, Fig 3.3). G3P dehydrogenase (tetramer), lactate 
dehydrogenase (tetramer) and peroxiredoxin 2 (dodecamer) were also observed as dimers in 
Fig 3.3. Denaturing conditions appeared to break disulfide bonds between the individual 
protein quaternary structures, but did not break down creatine kinase, G3P, lactate 
dehydrogenase and peroxiredoxin into monomers.  
 
 
3.2 1D-PAGE visualization of sarcoplasmic and myofibrillar 
proteins  
 
For quantitative and proteomic analyses, which eventually examined oxidative modifications 
of venison sample groups in both sar and mf-proteins, it was decided to combine the sar and 
mf-protein extracts into one preparation per corresponding treatment group. As 2D-PAGE 
only examined sar-proteins, 1D-PAGE was chosen for a subsequent tryptic digest of 
combined protein extracts. For tryptic digest and liquid chromatography - mass 
spectrometry (LC-MS) analyses, it was recommended by mass spectrometry specialists to use 
sar and mf-proteins at combined 50 µg, for all venison sample groups (n = 36) to enable 
proteomic comparison. Following normalization of sar and mf-protein extracts to 50 µg 
loading level per lane, the sarcoplasmic and myofibrillar extracts of each venison sample 
group were individually combined and subjected to 1D-PAGE  (Fig 3.4). The analysis by 
1D-PAGE examined the venison fractions at 0-d and 21-d in animal I, III, IV and VI 
following treatment (TP, NP and HP), dry and VP-ageing. Animals I and IV were acquired 
and presented following both dry and VP-ageing, whereas animals III and IV received either 
dry or VP-ageing, respectively, resulting in 6 sample groups. The selection of venison sample 
groups (2.2.4) was successfully extracted and shown on 1D-PAGE(Fig 3.4). 
 
The summary 1D-PAGE illustration of all samples (Fig 3.4) reinforced the fact that 
extraction was consistent and all samples contained the same protein concentration. 
However, with reference to animal III and animal VI dry-aged (top right gels, Fig 3.4), it 
was evident that the NP fraction of animal III and the TP fraction of animal VI showed an 
unexpected increase in protein content. In this instance, although (Fig 3.4), 50 µg of protein 
was loaded into each lane, the bands appear to have different protein concentrations. In 
conclusion, although measuring total protein concentrations by colometry may have slight 
limitations in quantifying exact protein contents in each venison sample, the conducted 1D-
PAGE (Fig 3.4) showed regular bands throughout all samples.  As previously identified by 
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preliminary extraction (Fig 3.2), each gel showed three predominant bands that correlate 
with actin, myosin and myoglobin. The focus of the present study was concerned with mf-































































































































To show whether sar and mf-proteins were affected by oxidation on 1D-PAGE, all venison 
samples (n = 36) were also run under non-reducing conditions. In contrast to Xiong et al.  
(2009) and Kim et al. (2010), non-reducing conditions did not affect banding patterns of sar 
and mf-proteins on 1D-PAGE compared to reducing conditions (Fig 3.4) (Two examples 
of non-reducing 1DE analyses were included in Appendix Fig A.7).  
 
In this project, extracted and visualised venison proteins were subject to tryptic in-gel digest 
workflow for analysis by LC-MS. Samples of the reducing 1D-PAGE (Fig 3.4) were 
configured for the in-gel digest MS workflow as venison proteins were consistently extracted 
and normalized to the same protein concentrations fixed within an acrylamide matrix. In-
gel digest served as a sensitive tool of protein recovery for accurate protein identification 
and sequence coverage by LC-MS (Huynh et al., 2009, 2019). Using consistent 
concentrations of trypsin (0.1 µg.mL-1 per sample), the speed and sensitivity of peptide 
recovery could be optimized (Shevchenko et al., 2007). Also, in-gel digest of molecular 
weight bands of 1D-PAGE was previously described as an efficient and flexible tool for 
proteomic analysis (Goodman et al., 2018). In the present study, in-gel tryptic digest enabled 
the fragmentation of proteins into digest peptides which were then analysed by LC-MS. 
Proteomics was recently associated with substantial information about the chemical nature 
of meat proteins associated with quality parameters (Gagaoua et al., 2018; Li et al., 2019; 
Malheiros et al., 2019). 
 
 
3.3 Trial LC-MS analysis by Triple-TOF and Orbitrap  
 
Venison sample groups (n = 36) in the form of whole gel lanes underwent tryptic-in gel 
digest for protein fragmentation into peptides and identification by LC-MS. To proceed 
with MS procedures, it was initially essential to validate the protein sequence coverage (%) 
and abundances to draw accurate and consistent conclusions between all samples. As venison 
samples were investigated based on oxidative modifications of actin, myosin and myoglobin, 
preliminary validation of consistent sequence coverage was established between two separate 
LC-MS systems. For trial MS investigations, abundances of proteins in both orbitrap and 
Triple-TOF were determined based on the intensity of the mass to charge (m/z) ratio 




To apply LC-MS by Triple-TOF and Orbitrap to specifically validate the venison samples 
following tryptic digest, a reference sequence database for the corresponding venison samples 
was used. The data output of both Triple-TOF and orbitrap comprised a series of peptide 
sequences in the form of individual protein FASTA files. To make use of the information 
provided by deer protein FASTA files (specific to venison), the European Red Deer (Cervus 
elaphus hippelaphus) sequence database was downloaded from UniProt. UniProt is a 
comprehensive resource platform of high-quality and freely accessible protein sequences of 
the desired species. The peptide sequences generated by LC-MS were aligned to a known 
sequence (UniProt) database of European red deer for annotation and identification 
purposes. The sequence database of European red deer (Cervus elaphus hippelaphus) was 
presented as a FASTA protein sequence (nproteins = 19.260).  
 
Sequence coverage values were compared between Orbitrap and Triple-TOF following 
alignment to the deer database (Appendix Fig A.8). For precise comparisons of oxidative 
modifications by subsequent analyses of a large sample set, the SC had to be consistent. For 
trial analysis only the top 20 most abundant proteins of animal  I NP, 0-d were selected and 
identified (Appendix Table A.7 & 8). Except for one peptide (MYH3), the sequence 
coverage between orbitrap and Triple-TOF was consistent across the 20 proteins. The mean 
sequence coverage value of orbitrap was 56.34% compared to 57.91% of Triple-TOF 
(Appendix Fig A.5), demonstrating the effectiveness and sensitivity of orbitrap for peptide 
detection. The peptides identified as the most abundant in venison were presented in 
Appendix Table A.9.   
 
However, with reference to trial experimentation (Appendix Fig A.8), 5 of the 20 peptides 
detected were referred to as ‘hypothetical protein Celaphus’. A total of four other sequence 
databases of the corresponding European Red Deer showed the same outcome. In fact, 
11.007 of 19.260 proteins of the available deer protein (FASTA) sequence database have not 
been annotated. The finding that 57.15% of all proteins were not annotated by accessible 
deer protein databases that correspond explicitly to venison posed a considerable challenge 
to the project. Hypothetical proteins could not be classified into sar and mf-proteins, which 
would have been essential for identifiable comparisons of oxidative modifications on actin, 
myosin and myoglobin in venison sample groups. Taken together, the sensitivity of orbitrap 
of combined sar and mf-proteins proved successful in further investigating oxidation on 




3.4 Red deer protein sequence identification  
 
As a result of validation experiments (PART I), it has been established that subsequent 
investigations of oxidation in venison sample groups were limited to only proteins that were 
annotated (42.85%). However, as investigation on unknown proteins (57.15%) would have 
led to inaccurate and artificial results, putative proteins were not be included in this project 
(Fig 3.5). As the scope of this investigation was predominantly concerned with oxidative 
modifications on actin, myosin and myoglobin, the sequence database was split into non-
hypothetical (annotated) proteins (8.253) and hypothetical (putative) proteins (11.007)(Fig 
3.5). The project was now only concerned with known proteins, which correlated with a 
considerably reduced sample size. An additional separate project was initiated (PART III) 
that focused on proteome annotation of the 11.007 putative proteins of the deer database 




Figure 3.5  Illustration of the separation between hypothetical and non-hypothetical 
proteins. Venison samples were validated using preliminary evaluation (PART I). For 
proteomic investigation by LC-MS, proteins were aligned against a deer sequence (UniProt) 
database (DB) (19.260 proteins). The observation of 57% hypothetical proteins in the deer 
protein FASTA file led to a division of known (8.253) and unknown proteins (11.007). The 
present study focused on the non-hypothetical deer sequence database using quantitative 
(PART II A) and proteomic analyses (PART II B), whereas a subsequent investigation, was 




3.5 Investigation of non-hypothetical venison proteins 
 
As the output of  LC-MS data sets of non-hypothetical proteins in each venison sample 
group exceeded any boundaries for accurate comparisons, the data was (i) refined to only 
residues that oxidations were confirmed, (ii) to only 6 different modifications per residue 
(Table 3.2) and (iii) to only actin, myosin and myoglobin proteins.  
 
To (i) refine the data to only oxidizable residues, the objective was to first examine each 
venison sample group (n = 36) on every available amino acid that was provided by Thermo 
Proteome Discoverer (TPD) 2.4. TPD was the proteomic search software used to investigate 
oxidative modifications of venison sample groups following LC-MS by orbitrap. To isolate 
only residues with pre-selected modifications, a primary search algorithm of all samples (n 
= 36) was conducted using the TPD software. The primary search was performed on the 
entire deer sequence database (19.260 proteins) using the search parameters outlined in 
2.2.11 and Appendix Table A.3. Regarding the primary search, not all residues were subject 
to oxidation (2.2.11.1). The data was then refined to only amino acids on which specific 
modifications were detected (Table 3.2). These specific modifications (ii) included mono, 
di and tri-oxidation, deamination, carbamidomethylation and methylation (Table 3.2). 
Based on provided modifications and residues, a second (refined) search algorithm on only 
non-hypothetical proteins was used for quantitative and proteomic analyses. The outcome 
of the second search resulted in a large MS set of proteomic data that was further examined 
on abundances of peptide spectrum matches (PSMs) to actin, myosin and myoglobin of the 
deer database (refer to 2.2.11.2).  
 
Table 3.2 Selected oxidative modifications on amino acids of secondary study. SEQUEST 
HT processing workflow for proteomic searches of red deer databases using Thermo 
Proteome Discoverer 2.4 
 







C, D, E, F, H, I, K, L, M, P, Q, R, S, T, V, W, Y 
C, E, F, I, M, P, V, W, Y 






PART II  
 
3.6 Investigation of protein oxidation in PEF-treated, aged 
venison  
 
he terms ‘quantitative analyses’ referred to three separate investigations with the 
objective to provide information about the total quantity of oxidative modifications 
(abundances) between each venison sample group. The selection process of venison sample 
groups was described in section 2.2.4. In PART I, the treatments of acquired venison sample 
groups were first validated, then extracted and converted into peptide sequence data by in-
gel-tryptic digest and LC-MS. In PART II, the focus was to use the obtained information 
of annotated peptide sequence data by LC-MS and compare the quantity of oxidized 
peptides between venison sample groups.  
 
With reference to 2.2.12, quantitative analyses firstly investigated the effect of ageing 
condition (65% RH dry and VP-ageing) on oxidative modification of all annotated peptides. 
Secondly, the effect of ageing time (0-d and 21-d) on oxidative modifications were analyzed. 
For both experiments, the 36 venison sample groups were divided into n = 18 samples that 
correspond to either ageing condition or time. The third quantitative analysis was based on 
the oxidative effects of the treatments on venison proteins (n = 12). As outlined in the 
research proposal, the project was limited to only actin, myosin and myoglobin, which were 
collectively referred to as ‘master’ proteins in all subsequent quantitative investigations. 
Quantitative analyses (PART II A) examined the mean values of all oxidative modifications 
detected in the 18 samples. Investigation of oxidation was shown on each master protein 
individually compared to total proteins (2.2.12.1). Total proteins refer to all myofibrillar and 
sarcoplasmic protein detected in each venison sample group, including the three master 
proteins. Quantitative phosphor-proteomic analyses were recently performed by Liu et al. 
(2018), specifying on meat quality, but not on oxidation of meat proteins. Similar to Gallego 
et al. (2018), proteomic analyses (PART II B), focused predominantly on the oxidative 
modifications and residues, where only the most abundant fraction of the proteomic data 





PART II A 
 
3.7 Quantitative analyses of oxidative modifications   
 
It was initially validated and examined whether all animal sample groups (n = 6) are 
associated with oxidative modification. The objective was to verify that LC-MS detected 
oxidative modifications on PSMs were present consistently throughout all animal sample 
groups. The ‘mean’ number of oxidative modifications represented a numeric value of the 
average quantity of the abundance of detected modification in the corresponding venison 
sample groups (all abundances of oxidative modification are listed in Appendix Fig A. 10-
12). The mean number of oxidative modifications were presented for all proteins (total) and 
for master proteins, where the mean value referred to the average number of oxidative 
modifications detected in those protein categories.  
 






Figure 3.6 Mean numbers of oxidative modifications in animals groups (n=6). Dry-aged  
samples shown in left panel (I, III and VI) & VP-aged in right panel (I, IV and VI), all 
including the three treatments (TP, NP, HP). Mean values of oxidative modification 
presented on y-axis. Numbers of total proteins (ptota > 0.05, n=18) compared to master 
proteins (actin, myosin and myoglobin) (pmaster > 0.05, n=18). Standard deviation of mean 





Mean numbers of oxidative modifications were compared between dry-aged meat (animals 
I, III and VI) and VP-aged animals (I, IV and VI) (Fig 3.6). In all 6 animal groups, oxidative 
modifications were illustrated for both ‘total’ and ‘master’ proteins, which each included the 
corresponding PEF treatment at both 0-d and 21-d. In terms of total proteins, animal I 
showed mean values of oxidative modifications of 135 in dry-aged and 127 in VP-aged 
venison. Animal III showed 192 and 172 oxidations in dry and VP-aged samples, compared 
to 211 and 178 in dry and VP-aged animal VI, respectively. The number of mean oxidative 
modifications on master protein revealed 62 in animal I (dry and VP), 92 and 99 in animals 
III and IV, respectively. A mean value of 115 oxidations was observed in animal VI dry aged 
and 111 VP-aged. It can be concluded that in both ageing regimes, peptides corresponding 
to animal I received the fewest number of oxidations, followed by animals IV, III and VI. 
This result was consistent in both total and master proteins.  
 
 
3.7.2. Effect of ageing condition on oxidative modifications 
The first quantitative analysis investigated the effect of ageing condition (dry and VP) on 
oxidative modifications in total and master proteins (Fig 3.7). As illustrated in 2.2.4, venison 
sample groups were split into dry and VP-ageing, consisting of 18 different replicates each. 
With reference to 2.2.12.1, the data compared oxidative modifications between the two 
ageing conditions (dry vs VP-ageing), irrespective of the treatment each sample received 
and the time of ageing, as both 0-d and 21-d were combined.  
 
Mean values of oxidative modifications recorded were 191 in all dry-aged samples compared 
to 147 in all VP-aged (Fig 3.7). Total counts of oxidative modifications revealed 3433 
detected modifications in dry and 2652 in VP-aged venison (Appendix Table A.11). The 
number of all oxidations was 23% higher in dry compared VP-aged venison. Mean values 
of oxidative modifications on myosin were 5 fold higher in dry (75) and VP (71) in venison 
sample groups (n = 18) compared to actin (15 dry and 14 VP), whereas myoglobin (Mb) 
counts were 7 and 5 fold lower (2 dry and 3 VP aged, respectively) compared to actin (14 
(dry) and 15) (VP) (Fig 3.7). The data of mean numbers of oxidative events on proteins in 
venison sample groups (n = 18) showed considerable variations referring to abundances 
within each sample, shown by large error bars. Large data dispersion of oxidative 
modification between dry and VP-aged venison sample groups was supported by statistical 
analysis of total (p < 0.05, n = 18) proteins, actin (p > 0.05, n = 18), myosin (0.59; p > 
0.05, n = 18) and Mb (0.07; p > 0.05, n = 18) comparing dry and VP aged data. In 
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conclusion, there was a difference statistically between ageing procedures across all proteins 
(total) (p < 0.05), which was not observed when investigating specifically master proteins (p 





Figure 3.7 Mean numbers of oxidative modifications between dry and VP-aged venison. 
Mean values of oxidative modifications of total and master proteins in dry and VP ageing 
conditions (ptotal = 0.02; < 0.05, n = 18; pmaster > 0.05, n = 18). Error bars represented by 
standard deviation of mean values.  
 
3.7.3. Effect of ageing time on oxidative modifications 
To further investigate how oxidation of venison proteins was affected by ageing, the mean 
numbers of oxidative modifications were compared between 0-d and 21-d, Fig 3.8. Mean 
values of oxidative modifications of total proteins recorded were 154 in 0-d samples 
compared to 184 in 21-d aged samples (Fig 3.7). Total counts of oxidative modifications 
resulted in 2770 modifications detected in 0-d samples and 3315 in 21-d (Appendix Table 
A.12). The mean number of all oxidations (total) was 17% increased following 21-d ageing 
compared to modifications detected at 0-d. Numbers of oxidations on actin showed 14 
modifications at 0-d and 16 at 21-d, whereas with myosin 64 oxidation events were detected 
at 0-d and 82 at 21-d. Mb showed no increase in oxidative modifications after 21-d ageing 
(3 at both 0-d and 21-d). In summary, there was little difference in the mean number of 
Mean number  
of oxidative  
modifications 
Ageing condition and venison proteins 
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oxidative modifications on master proteins between ageing condition (Fig 3.7) compared to 
the data observed at 0-d and 21-d (Fig 3.8). There was no statistical significance in oxidative 
modifications in master proteins between 0-d and 21-d and ageing groups. Actin (p > 0.05, 
n = 18), myosin (p > 0.05, n = 18) and Mb (p > 0.05, n = 18) between 21-d of either dry 




Figure 3.8 Mean numbers of oxidative modifications between 0-d and 21-d ageing. Mean 
values of oxidative modifications in total and master proteins after 21-d dry and VP ageing 
(ptotal = 0.02; < 0.05, n = 18; pmaster > 0.05, n = 18) Error bars represented by standard 
deviation of mean values.  
 
 
3.7.4 Effect of PEF on oxidative modifications 
To investigate how individual treatments (No PEF (TP), No PEF (NP) and High PEF (HP), 
ageing condition (dry and VP) and time (0-d and 21-d), contributed to oxidation in venison 
sample groups, the mean numbers of oxidation events in samples were analysed in treatment 
groups (n = 12). Comparing mean oxidation numbers of dry (blue) to the VP ageing 
condition (orange), the data (Fig 3.9)  show that the mean number of oxidation events on 
proteins does not correlate with a particular treatment group (p > 0.05, n = 12). As the 
mean oxidations of two ageing groups were not statistically significant in treatment groups 
(p > 0.05, n = 12), patterns of oxidative modification in treatment groups and ageing time 
Mean number  
of oxidative  
modifications 
Ageing condition and venison proteins 
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were similar. There was no correlation of oxidations in total protein between dry and VP-
ageing in all three treatment groups (p > 0.05, n = 6). Comparing the master proteins of 
the three treatment groups, dry and VP-ageing, there was no statistical correlation (p > 0.05, 
n = 6) in actin, myosin and myoglobin (Fig 3.9). According to the data (Fig 3.9), the mean 
numbers of oxidative modifications in animals I, III and VI of dry-aged venison sample 
groups were 171, 205 and 196 in TP, NP and HP treatments, respectively. In VP-aged 
animals, detected oxidations were 148, 181 and 157 in TP, NP and HP treatments 
(Appendix Table A.13). The data confirm the previous observation of Fig 3.7, that mean 
numbers of oxidations were on average lower in VP-aged venison. In Fig 3.9, the NP 
treatment resulted in higher mean values of oxidation compared to HP and TP. Oxidative 
modifications on actin were 16% higher in dry compared to VP-aged animals in TP, but 
were 12% and 15% decreased in NP and HP treatments compared to VP-ageing. Myosin 
oxidations, previously determined to be 5-fold higher compared to actin, also showed 
increased modifications in the VP-aged venison compared to dry in the TP treatment (Fig 
3.9). Mean modifications on myosin were 6% increased in VP-aged at TP, compared to a 
9% and 14% decrease of modifications in dry compared to VP in NP and HP treatments. 
Oxidation of Mb was low in all three treatment groups. Supplementary analyses to oxidative 




Figure 3.9 Mean numbers of oxidative modifications in dry (blue) and VP-aged (orange) 
animals treated with TP, NP, HP.  Mean values of oxidative modifications in total and 
master proteins after 21-d dry and VP ageing (ptotal< 0.05, n = 12; pmaster > 0.05, n = 12) 
Error bars represented by standard deviation of mean values.  
 
Treatment groups and venison proteins 
Mean number  




PART II B 
 
 
3.8 Proteomic analyses of oxidative modifications 
 
3.8.1 Proteomic analyses of abundant oxidative modifications  
Quantitative analyses compared the mean values of oxidative modifications concerning all 
detected modification of proteins based on ageing treatment, time and PEF. Here, the type 
of oxidative modification occurring on specifically master proteins (actin, myosin and 
myoglobin) in the corresponding venison samples were examined. It was hypothesised that 
specific oxidative modifications occurring on amino acid side chains on myosin (cysteine, 
methionine, tyrosine) could form cross-links and interact with other reaction products. As 
oxidation on myofibrillar proteins, predominantly actin and myosin was illustrated by 
Martinaud et al. (1997), Xiong et al. (2009) and Lund et al. (2011), oxidation was further 
examined on the most abundant oxidation events (2.2.13.2). Oxidative modifications and 
oxidised residues were shown on 18 individual heatmaps, corresponding to the venison 
sample groups at both 0-d and 21-d (2.2.12.3). Four heatmaps were presented here for each 
dry and VP-ageing and 10 were shown in Appendix Fig A.13-15.  
 
3.8.2 Proteomic analysis of oxidative modifications in dry-aged 
venison 
In the modified dry-aged AR-based proteomic study, a total of 115 peptides were identified 
with oxidative modifications in 6 different myofibrillar protein isoforms (beta-actin, actinin-
alpha 3, MYH1, MYH7,8, Myosin regulatory light chain [MYLPF]) and sarcoplasmic Mb 
of the pre-selected master proteins. Oxidations (x ≥ 2, x ≤ 6.64) on master proteins were 
mostly observed in myosin compared to actin in animal I TP (Fig 3.10) and animal VI TP 
(Fig 3.11). Animal III TP and HP (Fig 3.10  and 11, respectively) showed oxidations on 
myosin and no oxidations were detected in actin or myoglobin. The full extent of myosin 
oxidation was complex, as PSMs only matched partial peptides of myosin, resulting in MYH 
1 and 7 ‘partial’ identification. Partial peptide oxidation was not shown in other myosin 
isoforms or actin. Mb oxidation was only observed in animal VI TP (Fig 3.11). In dry-aged 
venison, 41 oxidative modifications (35 %) [1, 2x Oxidation] were detected on MYH 1, 
partial. 34 oxidative modifications (30 %) were identified on MYH 7, partial and 18 
oxidations (16 %) were identified on MYH 8. The data showed that 93 (81 %) oxidative 
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modifications were found on peptides matching the myosin heavy chain, whereas only 7 (6 
%) oxidations were associated with the myosin light chain [MYLPF]. Overall, 12 oxidations 
(10%) were found on actin isoforms. Myoglobin (Mb) showed 4 distinct oxidative 
modifications (3%).  
 
The data of all oxidative modifications between 0-d and 21-d showed a statistical correlation 
(p < 0.05, n = 115). Increases in intensity (abundance) on oxidative modifications at 21-d 
were correlated with previous oxidation events at lower abundance (0-d). Thus, the 
abundance of oxidation on individual peptides that resulted in high abundances in 21-d 
were already noticeably higher in 0-d samples. which was particularly evident in animal VI 
TP and animal III HP dry-aged, Figure 3.11. In turn, low abundance modifications in 0-d 
did not show considerable changes in the 21-d samples. When comparing abundances of 
the same treatment (TP) in two separate animals (animal I TP and animal III TP, Fig 3.11), 
it was illustrated that oxidative abundances between 0-d and 21-d varied significantly (animal 
I TP, p < 0.05, n = 19; animal III TP, p < 0.05, n = 28, Fig 3.11). Oxidative modifications 
compared between two separate treatments and animals III HP (p > 0.05, n = 21; animal 
VI TP, p > 0.05, n = 13, Fig 3.12) showed no statistical difference.  
 
Each peptide was associated with at least one mono-oxidation event on master proteins in 
dry-aged venison Di-oxidation was found on 11 % of all modified peptides, whereas tri-
oxidation was not observed in dry-aged venison. Proteomic analyses also identified 
predominantly methionine oxidations on myofibrillar proteins. Methionine oxidation was 
evident in several myosin heavy, light chain and actin isoforms. Other amino side chains 
subjected to mono-oxidation included tryptophan (T), tyrosine, asparagine (N), leucine (L), 
isoleucine (I), lysine (K), phenylalanine (F),  glutamine (Q), glutamic acid  (E), aspartic acid 
(D), serine (S) and cysteine (C). Investigation of oxidised amino acids was further examined 
in 3.9. However, based on oxidative modifications on master proteins, a variety of residues 
were found to be oxidised in both actin and myosin. Four detected oxidative modifications 
on myoglobin were all associated with methionine [M] oxidation events (1×Oxidation 
[M13], 1×Dioxidation [M13]; 1×Oxidation [M9]; 1×Oxidation [M9] were observed in 
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3.8.3 Proteomic analyses of oxidative modifications in VP-aged 
venison  
In the AR-based proteomic study of VP-aged venison ( (Fig 3.12  & 13), a total of 129 
peptides were identified with oxidative modifications in 9 different myofibrillar protein 
isoforms (beta-actin, actinin-alpha 2,3, MYH1,7,8, MYL1,3 and MYLPF). No oxidative 
modification on Mb was detected in VP-aged venison samples. In VP-aged venison, 66 
oxidative modifications (51 %) were detected on MYH 1 (partial). 18 oxidative 
modifications (14 %) were identified on MYH 7 (partial) and 29 oxidations (21 %) were 
identified on MYH 8. Compared to 81 % oxidations of residues in dry-aged venison, 86 
% of all oxidative modifications were found on the myosin heavy chain in VP-aged 
samples. VP-aged samples showed two oxidative modifications on MYL 1 (2 %), three 
on MYL 3 (2 %) and three on MYLPF (2%). Thus, the ratio of oxidative modifications 
between the light and heavy chain of myosin measured was almost identical between 
ageing regimes (0.075 in dry and 0.072 in VP). The results based on ratios state that for 
each oxidation occurring on residues of the MYL, there were 13 modifications detected 
in the MYH in dry and 14 modifications in VP-aged venison Oxidative modifications 
on actin showed 6 on ACTB, 2 on ACTN 2, partial and 2 on ACTN 3, resulting in 8 
% of total peptide modifications. The actin/myosin ratio was 0.12 in dry-aged and 0.08 
in VP-aged venison, which suggests that myosin was on average oxidised 8 (dry) and 12 
(VP) times more compared to actin.  
 
Overall, the abundance of oxidative modifications (x ≥ 2, x ≤ 6.64) between 0-d and 
21-d was statistically significant (p < 0.05, n = 129) in VP-aged venison. There were 
differences in the number of peptides oxidised in each treatment groups. When 
comparing abundances of different treatments in two separate animals (animal IV HP and 
animal IV NP, Fig 3.12), the abundance of oxidative modifications between 0-d and 21-
d vary significantly (animal VI HP, p < 0.05, n = 34; animal IV NP, p < 0.05, n = 24, 
Fig 3.12). Oxidative modifications compared between 0-d and 21-d showed no statistical 
significance in animal IV TP (p > 0.05, n = 14), whereas a correlation between 
abundances (p < 0.05, n = 31) was observed in animal IV HP (Fig 3.13). It was evident 
that both ageing conditions led to oxidative modifications of myosin, actin and 
myoglobin (Mb in the case of dry-ageing) on a large variety of residues. Consistent in 
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3.9 Proteomic investigation of oxidized residues    
 
To investigate the extent of oxidation on specific amino acid residues, a total of 17 amino 
acids were isolated that were shown to be oxidized in all proteomic analyses (n = 18). 
Although the type of oxidative modification was similar in treatments and ageing, there 
were differences in the amino acids that were oxidized. Next, it was investigated what  
residues were oxidised in both 0-d and 21-d samples. The quantity and type of residues 
subject to oxidation were compared between ageing and treatment groups in the 
corresponding animals together (n = 18) (2.2.12.4).  
 
Focusing on the total sample size of oxidative events (x ≥ 2, x ≤ 6.64) in all venison 
samples together, a total of 201 residues were oxidised in the dry-aged compared to 242 
in the VP-aged venison sample groups (n = 18) (Fig 3.14). In dry-aged venison, 63% of 
all oxidations occurred on methionine, followed lysine [K] (5%), leucine [L] (5%) and 
glutamic acid [E] (5%). In turn, VP-aged showed 53% methionine oxidations, 8% 
glutamic acid, 7% cysteine [C] and 5% threonine [T] (Fig 3.14). These oxidized amino 
acids were found in similar quantities in both ageing conditions, which were also 
identified in other meat materials (Soladoye et al., 2015). Dry-ageing was correlated with 
the identity of 15 different types of residues, whereas VP-ageing showed 17 types of 
residues that were oxidized on various peptides (Appendix Table A.14). The two residues 
only observed in VP-aged venison were proline (P) and tryptophan (W).  
 
To further examine the quantity and identity of particular residues in treatment groups, 
a subsequent study investigated the three treatment groups (TP, NP and HP) in both 
ageing conditions of the venison sample groups (n = 6) (Fig 3.15). The quantity of 
residues that were confirmed ‘oxidized’ per sample group showed no significant 
difference in the same treatment group in dry and VP-aged samples (p > 0.05, n = 17), 
whereas, in the HP samples, there was a difference between oxidized residues between 
dry and VP-ageing (p < 0.05, n = 17, P & W denoted ‘0’ in dry-aged samples) (Appendix 
Table A.15). The number of residues varied among treatments, showing higher 
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igure 3.15 Illustration of oxidation on am




































































































































































3.10 Bioinformatic analyses of deer sequence annotation 
 
s outlined in section 3.4, the European deer sequence database used here for 
proteomic investigation was in fact only based on 43% of proteins, as the remaining 
fraction (57%) was not annotated. As a reduction of sample poses a significant limitation to 
the study, a secondary bioinformatic approach was initiated to fully annotate European red 
deer proteins. The initial aim was to annotate all protein sequences using BLAST and 
InterProScan (IPS) softwares, which would subsequently get reunited with its original deer 
database and participate in this project. However, the bioinformatic investigation was 
performed as a separate project, as the scope of proteome annotation were not part of the 
original aims and the number of annotations themselves offered a project in itself. The issue 
with annotation was also reported in lamb (Yu et al., 2015), analyzing sarcoplasmic and 
myofibrillar meat extracts of which 10% were not annotated. The authors suggested IPS as 
a potential solution. Using IPS, Su et al.  (2019) performed comparative proteomic analysis 
between red deer and sika deer. Protein families were grouped into specifically myofibrillar 
and sarcoplasmic fractions based on their expression. As Su and colleagues (2019) successfully 
analyzed the Uniprot proteomic profile for protein families (pfams) in signal pathway 
regulations using KEGG analysis, the approach of pfams was considered for annotation in 
the present study. 
 
In the present study, each hypothetical protein of deer analysed was corresponding to 
multiple (10-100) matches (based on all possible peptide alignments) against other ruminant 
proteins. Given there are 109.952 proteins in the ruminant database and 11.007 putative 
proteins in the deer database, as each single protein matched 10-100 proteins, the outcome 
would yield several hundreds of thousands of  individual proteins that match deer with high 
sequence similarity. Further analysis would have investigated each individual score and 
alignment characteristics to validate the highest and best alignments, which was not carried 
out here.  
 
Investigation of hypotheticals by BLAST focused on protein alignments of potential matches 
of deer proteins to the ruminant database. Individual putative deer proteins matched several 




protein and corresponding matches were demonstrated in the appendix. Analysis by BLAST, 
using the ruminant sequence database (refer to 2.2.13.1), resulted in a total of 510.699 
matches between the hypothetical deer database (11.007 proteins) were found in sheep (Ovis 
aries). This means that every protein of the deer sequence database aligned with various 
annotated proteins in sheep. An example between a deer hypothetical protein 
(‘gi|1207839224|gb|OWK16709.1’) and 5 annotated goat proteins are provided in 
Appendix Table A16. A total of 991.370 matches to deer hypothetical proteins were found 
in goat (Capra hircus). Each hypothetical protein had multiple matches to annotated proteins 
in sheep. An example of the alignment of a single hypothetical protein (referred to as 
‘gi|1207828347|gb|OWK06225.1’) in deer (cervus elaphus hippelaphus) matching to 19 
proteins in sheep was provided in Appendix Table A.17. For bos Taurus, a total of 1 million 
protein alignments were recorded with the deer database. Proteins that were matched against 
sheep and goat were also aligned with the cow sequence database. For example, the same 
protein that was matched to 19 proteins in sheep (‘gi|1207828347|gb|OWK06225.1’) 
resulted in 23 matches in cow (Appendix Table A.18). For each of the three sequence 
databases (goat, sheep and cow), summarized into a ruminant database, only 1 query protein 
against several matches was presented.  
 
IPS was concerned with protein annotation of the hypothetical proteins that were separated 
and excluded from the primary project. All hypotheticals (11.007 proteins), were converted 
into ‘gif’ files were matched against pfams of IPS databases (refer to 2.2.13.2) and successfully 
annotated. An example of the first 21 proteins was provided in Appendix Table A.19. 
However, for further use, the hypothetical proteins must be accurately sorted based on 
sequence coverage (% identity) and alignment length to other matched proteins.  
 
In summary, although the primary investigation was specifically concerned with protein 
oxidation in venison, the concept of proteome annotation was not taken further. 
Nonetheless, in future, a more sophisticated bioinformatic approach to filter protein matches 
based on sequence identity and alignment length can be performed for more accurate 
































4.1 Oxidations were more commonly observed in dry-aged 
venison   
 
 
he project primarily focused on oxidative modifications in venison using proteomic 
analyses based on abundances. The venison samples that were acquired and selected 
originated from a complementary investigation conducted by the previous PhD student, 
TA. A summary interpretation of the key physicochemical properties found in venison 
samples is provided in Appendix Fig A.15. In the present study, meat ageing, including ‘dry’ 
and vacuum-packaged (VP)-ageing showed the presence of various oxidative modifications 
among all venison sample groups. The overall effect of ageing condition on the oxidation 
quantity of venison proteins increased 23% after dry-ageing compared to its VP-aged 
counter-part.  Observed oxidative modifications on myofibrillar proteins were consistent in 
both ageing regimes, which would indicate the high susceptibility of myofibrillar proteins, 




type of reactive radicals interacting with amino acid side chains or the protein backbone of 
actin, myosin and myoglobin as a consequence of oxidation was not examined in this 
project. It could therefore only be speculated that oxidants involved in dry-ageing were 
predominantly O2 derived due to exposure to atmospheric oxygen. The effect of increasing 
atmospheric diatomic oxygen correlating with enhanced oxidative events in meat was 
investigated by Spanos et al. (2016) and Bao (2019). As dry-ageing was performed 
consistently at 65% relative humidity, the effect of humidity on radical-induced oxidation 
could not be established. With reference to Table 1.1, several studies have concluded that 
hydrogen peroxide (H2O2)  and free hydroxyl radicals (HO•) were key radicals associated 
with oxidation in meat under dry-ageing conditions (Ventanas et al., 2006; Armenteros et 
al., 2009; Estevez et al., 2009). 
 
As VP-ageing was conducted using vacuum-sealed bags that contained moisture in the form 
of water (H2O) means that VP-ageing was likely associated with different radicals compared 
to dry-aged venison. Other than retaining moisture and maintaining the weight of the 
products, meat industries have applied VP-ageing procedures as aerobic ageing 
environments would lead to both lipid and protein oxidation (Belles et al., 2017). 
Alternatively to dry-ageing, Belles et al. (2017) proposed anoxic atmospheres would 
influence antioxidant effects of meat when contained in sealed bags. In agreement with the 
data observed here, the quantity of modifications was higher in dry-aged meat, which would 
indicate the extent of protein oxidation was less if not directly exposed to oxygen. However, 
oxidative modifications were also observed in VP-aged meat. When only focusing on the 
most abundant oxidative modifications, 129 were found in VP-aged venison, compared to 
115 in dry. The results imply that VP-ageing was associated with oxidation in venison to a 
similar extent to dry-ageing.  
 
Radical-induced oxidation in meat was reported to be greatly enhanced after incubation 
with Fenton reaction systems and H2O2 (Akagawa et al., 2006). With reference to Fig 2.1, 
the original procedure of dry-ageing involved 11 days of modified atmospheric packaging 
(MAP), followed by 10 days VP-ageing. Under dry-ageing conditions, the outcome of 
radiolysis, specifically HO• may have affected the quantity of oxidative modifications 
similarly compared to VP-aged meat. Hence, oxidative events were similar under VP-aged 
conditions, but since dry-aged venison was also subject to MAP, additional oxidative 




The data, here, showed no significant difference (p > 0.05) in oxidative modifications of 
actin, myosin and myoglobin between the two ageing regimes.  The abundance of myosin 
oxidation was on average 5-fold higher compared to actin. The finding that myosin was the 
most susceptible meat myofibrillar protein to oxidative stress was also reported by Lund et 
al., (2011) and Bao, (2018), stating that myosin oxidation was most frequent when exposed 
to atmospheric oxygen under dry-ageing conditions. Oxygen-induced modifications on 
myosin commonly led to cross-link formation and meat toughness (Lund et al., 2011; 
Soladoye et al., 2015). Myofibrillar protein cross-links could not be identified on SDS-
PAGE under non-reducing conditions in the present study, which was likely due to the 
denaturing buffer system used in extraction procedures of myofibrillar proteins.  The 
investigation of ageing-related myofibrillar oxidation in venison did not support the finding 
that myofibrillar cross-links may have occurred.  
 
In other investigations based on the oxidation of myofibrillar proteins, the presence of H2O2 
was correlated with visual loss of actin and myosin bands on non-reducing SDS-PAGE due 
to large aggregates that were unable to travel through the acrylamide (Decker et al., 1993). 
Although oxidation-induced disulfide bonds of myofibrillar proteins were observed on SDS-
PAGE under the presence of H2O2 (Akagawa et al., 2006; Xiong et al., 2009; Kim et al., 
2010), the generation of cross-links may be attributed to the type of radicals the meat was 
subjected to. As samples undergoing LC-MS analyses were both reduced and alkylated, the 
likelihood of disulfide bond formation of myofibrillar proteins due to oxidative stress could 
not be conclusively verified. The hypothesis of myofibrillar cross-links generated under 
oxidative stress is further outlined in section 4.4. Investigations conducted in the present 
study were concerned with oxidative modifications as a consequence of PEF and ageing. 
Thus, the effect of oxidation was not further analysed in the presence of known radicals.  
 
Proteomic investigations of oxidation events on residues revealed methionine oxidation as 
the most prevalent in both ageing regimes (63 in dry and 53 in VP-aged venison). A total 
of 15 residues were susceptible to oxidation under MAP conditions. The extent of oxidation 
on these residues was similar in VP-aged meat, which unlike in dry-ageing, showed 
oxidation on proline and tryptophan. The nature of amino acid oxidation and its possible 
impact on meat quality was emphasised in 4.7.  It could be argued that both ageing regimes 
following heating and PEF treatments caused radicals that target the same residues in 








The data (Fig 3.8) provided evidence that meat ageing was associated with oxidation as 
mean oxidation numbers were 17% elevated at 21-d compared to 0-d. As myoglobin (Mb) 
oxidation was low prior to ageing and remained low after 21-d ageing in both regimes, the 
effects of oxidation on Mb were discussed in more detail in section 4.6. In agreement with 
the literature (Martinaud et al., 1997; Reeg and Grune, 2015; Xiong et al., 2017), the time 
of ageing provided a platform for various oxidative events to take place within meat 
materials. As quantitative analyses only compared abundances of particular oxidative events, 
the results revealed that the same oxidative event occurring at 0-d was increased in 
abundance at 21-d. There was no evidence of any accumulations of newly occurring 
oxidative modifications at 21-d that were not observed at 0-d. Meat ageing was shown to 
play a role in oxidation in various other experiments that studied the impact of ageing on 
protein carbonyls and LIPOX (Xiong et al., 2009, 2017, Bao and Ertbjerg, 2018, Bao, 
2019). In this project, venison sample groups showed substantial quantities of oxidation 
events with no previous treatments of either heating or PEF. Thus, the effect of 21-d meat 
ageing alone induced oxidative modifications in venison.  
 
 
4.3 Effect of PEF on oxidation in venison  
 
 
4.3.1 Heating was not associated with increased oxidation in venison 
The effect of PEF on venison revealed myofibrillar degradation when increased from 0.2 
kV/cm (50 Hz, 20 µs) to 0.5 kV/cm (50 Hz, 20 µs) (Appendix Fig A.4). It was hypothesised 
that increasing the electric field strength of PEF in meat samples would lead to potential 
ohmic heating side effects (Bekhit et al., 2014). The effect of heating on meat was positively 
correlated with oxidation-induced protein carbonyls (Rowe et al., 2004). In the present 
study, oxidative modifications by a temperature control experiment (TP) were lowest in 
venison sample groups compared to NP and HP, consistent in both ageing procedures. The 
results showed that oxidations were present in the TP experiment (171 oxidative 
modifications in dry and 148 in VP-aged venison) as well as due to PEF (196 in dry and 157 
in VP). The data provided by TA revealed that PEF treated samples resulted in elevated 
temperature increases by 12 % after PEF and ageing. Thus, it would be plausible to assume 
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PEF triggered heating in venison. However, oxidations were highest in the NP sample 
groups, which implied that PEF and/or ohmic heating were in fact not directly linked with 
oxidation in venison. As the radicals generated by either the TP or HP experiment prior to 
ageing were not assessed, the heating effect on the oxidation of venison proteins could not 
be further discussed.  
 
 
4.3.2 Proteolysis may lower oxidation in venison  
The data provided by TA also provided a critical insight that increases in PEF were associated 
with proteolysis in venison. Although the extent of myofibrillar degradation, indicated by 
disrupted Z-lines (Appendix Fig A.4), as a consequence of PEF was not the focus of this 
experiment, proteolysis could be compared with occurring oxidative effects in the same 
samples. Given proteolysis was a consequence of PEF in venison, the fact that oxidative 
modifications were more frequently detected in venison sample groups without PEF 
treatment indicates that PEF-induced proteolysis may have negatively influenced oxidation. 
The present analyses were focusing on oxidative modifications in PEF-treated venison 
samples, whereby any hypotheses based on oxidative effects and PEF-induced proteolysis 
would require substantial future investigations.  
 
Nonetheless, it was previously outlined that oxidation of myofibrillar proteins, including 
both actin and myosin, could lead to intramolecular cross-links that stabilise actin-myosin 
bridges and result in meat toughening (Xiong et al., 2009; Lund et al., 2011; Zhang et al., 
2013). With reference to a proposed model suggesting the potential effects of PEF-induced 
proteolysis and oxidation on myofibrillar structures, PEF would disrupt myofibrillar proteins 
in meat, lower the toughness due to proteolysis and may lead to more tender and enhanced 
nutritional factors in meat (Fig 4.1). The extent of proteolysis and nutritional factors in meat 
was further investigated by Bekhit et al. (2014). Nutritional properties known to be 
improved by PEF include water-holding capacity and increased tenderness (lower shear 
force). As the shear force values provided here (Appendix Fig A.4) did not reveal any changes 
between pre- and post-PEF and post 21-d ageing, the effect of oxidation on tenderness as a 
consequence of PEF/ageing could not be confirmed. Based on the quantity of oxidative 
events between NP and HP treatment groups compared to myofibrillar degradation of the 
same venison materials visualised by TEM (Appendix Fig A.4), there was no evidence that 
oxidation did, in fact, affect proteolysis in venison. As proposed by Lund et al. (2011), 
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oxidation and proteolysis may be opposing in meat materials. PEF introduced proteolysis in 
venison, but only showed slightly lower quantities of oxidative modifications compared to 
a NP control (196 in PEF compared to 205 in NP of dry-aged venison and 157 HP 
compared to 181 in NP of VP-aged venison). Thus, an inversely proportional relationship 
between proteolysis and oxidation could not be established in venison as oxidation was 
detected in all treatment groups with no significant difference (p > 0.05).   
 
According to Bekhit et al. (2014), the effect of PEF on meat tissues results in stimulation of 
calcium-dependent calpains in beef due to increasing electroporation of the membrane 
structures surrounding the sarcoplasmic reticulum. The degradation of myofibrillar networks 
in meat was also associated with the activity of calpains in multiple other studies (Lian et al., 
2004; Zhang et al., 2009; Bhat et al., 2018; Coria et al., 2018). PEF may introduce 
myofibrillar degradation through the activity of calpains, leading to enhanced nutritional 
properties. Oxidation, in turn, may influence proteolysis in two ways. Firstly, oxidation may 
directly lead to cross-links and aggregates in meat products, which eventually toughen 
myofibrillar structures and make them more resistant to proteolysis (Lonergan et al., 2010, 
Zhang et al., 2013), by limiting the access of calpains. Secondly, oxidation may directly 
inhibit calpain activity, leading to impaired enzymatic hydrolysis and thereby indirectly 
limiting myofibrillar degradation.  
 
It was shown that oxidation of purified calpains resulted in the loss of activity (Guttmann et 
al., 1997; Lametsch et al., 2008). In meat, evidence for oxidation induced inactivation of 
calpains has been reported by Rowe et al. (2004) where the activity of calpains was decreased 
in irradiated beef samples. In agreement with Rowe and colleagues (2004), it was found that 
high oxygen MAP inhibited the autolysis of calpains and the proteolysis of desmin, a calpain 
substrate (Chen et al., 2015; Fu et al., 2017). Oxidation of muscle proteins resulted in a high 
susceptibility to proteolysis, only if intracellular naturally pro-oxidant systems were high 
enough to deactivate calpains by autolysis (Rowe et al., 2004; Smulder et al., 2010; Lund et 
al., 2011).  However, several other studies concerned with meat oxidation and high oxygen 
packaging found no effect on myofibrillar degradation, indicating that the proteolysis of 
myofibrillar proteins was not directly affected by oxidation (Kim et al., 2010; Lindahl et al., 
2010).  In this investigation, oxidative modifications were detected on amino acids of actin 
and myosin following PEF treatments and 21-d ageing. Given that meat ageing resulted in 
oxidative modifications in both 0-d and 21-d independent of PEF treatments, the 
biochemical nature of oxidation in venison may also be associated with intracellular 
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oxidation systems, independent of PEF and ageing. Several investigations have emphasized 
the high complexity of PROX and potential oxidation mechanisms in meat systems that are 
still debated (Lund et al., 2011; Zhang et al., 2013; Soladoye et al., 2015; Hematyar et al. 
2019). 
 
Alternatively, as reviewed by Smulder et al. (2010), oxidation may enhance calpain-
mediated myofibrillar degradation. The authors incubated rat myofibrillar proteins in 
oxidative environments and showed a clear correlation between oxidation and muscle 
atrophy. In contrast to previous hypotheses, the disruption of myofibrillar proteins may be 
a consequence of oxidation, rather than proteolysis. The finding that oxidation may cause 
mammalian tissue degeneration is commonly observed in neurodegeneration, including 
Alzheimer’s disease and prion diseases, but at present, was not conclusively verified in post-
mortem meat.  Nonetheless, oxidation-based investigations revealed that tissue degeneration 
may be caused by cross-links and aggregations that are cytotoxic to the surrounding tissue. 
The potential of oxidation to cause alterations to meat proteins following ageing and its 
capability leading to cytotoxicity was reviewed by Soladoye et al. (2015). Based on the data 
provided here, as the myofibrillar degradation was observed to a greater extent at HP 
compared to a NP control, with higher quantities of oxidative modifications suggests two 
conclusions. First, PEF was not directly associated with oxidation in venison. Second, 
myofibrillar degradation in venison was caused by proteolysis and not by oxidation. The 
extent to which proteolysis and oxidation were linked in post-mortem meat could not be 
established in venison. Also, as PEF, proteolysis and oxidation were not collectively studied 
in meat in any previous investigations, it was not possible to fully discuss the impact of PEF 
on oxidation and proteolysis based on the quantity of oxidative events alone.  
. 
 
4.3.3 Oxidation may antagonize nutritional properties that were 
improved by PEF and ageing  
 
PEF, heating and 21-d ageing could independently lead to oxidation in venison (p > 0.05). 
Oxidation would result in alterations in primary structures of venison proteins, which were 
not verified here. The interplay between oxidation of residues and its impact on cross-links 
and backbone fragmentation was investigated in beef by Lund et al. (2011), but not in 
venison. It was previously discussed that PEF-induced proteolysis may lower meat toughness 
due to myofibrillar degradation. To the contrary, oxidation may increase meat toughness 
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due to cross-links (Fig 4.1). The degree of oxidation was reported to negatively influence 
meat quality traits, including water-holding capacity, decreased tenderness and loss of 
essential amino acids (Soladoye et al., 2015). These are parameters that both PEF and ageing 
were designed to improve. Ageing following PEF treatment, enhanced degradation of beef 
myofibrillar structures, increased meat tenderness and texture traits beneficial for its 
nutritional values (Bekhit et al., 2014; Faridnia et al., 2015). In the present study, a model 
based on PEF-induced proteolysis and ageing was introduced to evaluate a proposed 
interplay between underlying oxidation events (Fig 4.1). As reviewed by Stadtman (1993), 
Shacter (2000), Xiong (2000) and Soladoye et al. (2015), the extent of pro-oxidative radicals 
in meat could either be caused external factors, including meat processing and ageing or 
intracellular sources of oxidation (4.5). Instead of PEF and ageing, oxidation on protein 
structures in venison may have also been influenced by internal sources, including the 
metmyoglobin reducing system (Fig 4.1). Also, the literature has put great emphasis in an 
understanding of LIPOX that was hypothesised to occur in concert with PROX. Both 
oxidation systems could initiate further oxidation events  that derived from distinct sources, 
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4.4 Oxidation of myofibrillar proteins – actin & myosin  
 
As myosin and actin are the most abundant myofibrillar proteins in meat materials (Marino 
et al., 2014), the impact of their oxidation was of particular interest in this investigation. 
The results have demonstrated oxidation of myosin, specifically its heavy chain was more 
susceptible to oxidation than actin, which is in agreement with Kazeem et al. (2016). Given 
the presence of free radicals, myosin was very susceptible to oxidation, potentially causing 
cross-linking and forming various carbonyl derivatives (Bhoite-Solomon et al., 1992). 
Bhoite-Solomon et al. (1992), identified critical oxidation systems, which predominantly 
include oxidation through myoglobin/H2O2. According to previous investigations of 
myosin-oxidation in meat systems, both myosins’ heavy and light chains were consistently 
oxidised (Lund et al., 2008). Through electron paramagnetic resonance (EPR), the presence 
of high levels of myoglobin within myocytes led to myosin oxidation characterized by the 
formation of dityrosyl and tryptophan-peroxyl radicals (Lund et al., 2008, 2011).  
 
Although the consequent oxidation products of myosin were not examined in this study, 
there was evidence of oxidation taking place on amino acids, including tyrosine and cysteine 
residues on myosin that may be involved in cross-linking. Cross-linked oxidation products 
of myosin, such as dityrosine and thiyl radicals were linked with haem proteins, such as 
myoglobin (Mb). The ability of Mb to store oxygen in muscle tissue would be the optimal 
intracellular oxidation system, initiating radical-transfers, eventually targeting methionine, 
tyrosine, lysine, tryptophan and cysteine residues (Shen et al., 1996; Davies et al., 2003; 
Lund et al., 2008, 2011). Alternatively, nitric oxide could react with superoxide, forming 
peroxynitrite, leading to methionine, tryptophan and phenylalanine oxidation in post-
mortem meat (Beckman et al., 1994, Berlett et al., 1995; Zhang et al., 2013). It was reported, 
that methionine oxidation on actin was responsible for structural changes that impair ATPase 
activity during meat ageing, which was independent of age-related myofibrillar degradation 
(Moen, 2014). Methionine oxidation in myosin, as presented in both dry and VP-aged 
venison, may have a critical effect on the catalytic domain of ATPase, which was found on 
the globular head of myosin heavy chains (MHC) (Katamaya et al., 2010). Also, Tiago et al. 
(2010), showed a clear link between cysteine oxidation on MHC that upon oxidation lead 
to loss of function in ATPase, involved in muscle contraction.  
 
The possibility of cross-link formation on myofibrillar proteins in aged meat could be 
associated with various oxidation systems. Oxidation of residues that may be linked with 
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cross-links could not be conclusively distinguished. The type of amino acid oxidised did not 
show any major differences following the PEF and ageing regime. Nonetheless, Klein et al. 
(2011), outlined that oxidation of myosin could lead to a redistribution of structural binding 
sites to actin. Xiong et al. (2010) reported a structural shift from physiological myosin head 
linkages to tail cross-links following oxidation of pork proteins.  
 
 
4.5 Intracellular sources of oxidation in meat  
 
Whereas oxidation may have directly occurred due to PEF and ageing, there is a possibility 
that intracellular systems, including the MetMb reducing system, metal-iron catalysis, 
linoleic acid-oxidising system (Zhang et al., 2013) and lipid derivatives may have 
contributed to the quantity of oxidative modifications detected on various residues in 
venison. The presence of oxidised lipid products and oxidative biomarkers of PROX (AAS 
and GGS) were previously identified by TA in the same venison samples. As the present 
investigation provided clear evidence that oxidative modifications did take place in venison 
in all treatments at both 0-d and 21-d, it could be speculated that oxidation occurred 
naturally in venison without any previous treatments or maturation procedures. According 
to Soladoye et al. (2015) and Hematyar et al. (2019), the mechanisms of oxidative events in 
meat may be in constant interplay with LIPOX. The interaction between secondary lipid 
products, including hydroperoxides and malonaldehyde may directly lead to oxidation of 
lysine, cysteine and histidine residues of target proteins (Schaich, 1979; Stadtman and 
Levine, 2000).  
 
The scale of oxidation on proteins detected was limited to only actin, myosin and 
myoglobin, which therefore only enabled discussion on myofibrillar networks and 
myoglobin-induced oxidation systems (Fig 4.3). Alternatively, LIPOX derivatives and 
oxidation susceptible poly-unsaturated fatty acids (PUFAs) may lead to protein 
carbonylation via Michael addition reactions (Madian et al., 2011; Melton et al., 2019), 
which can react with protein primary structures and lead to protein backbone alterations 
(Saeed et al., 2006). Gardner (1979), initially proposed that the extent of PROX may be 
partially mediated by the specific location on proteins that aldehydes can access. This idea 
links back to a previous statement that the extent of oxidation chemistry on protein topology 
and function correlates with the extent and nature of the oxidant involved. Also, 
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carbonylation was reported to form Schiff-bases and depending on the nature of oxidant 
binding to the protein, induce the diamide or α-amidation pathways (Appendix Fig A.18) 
(Berlett and Stadtman, 1997; Refsgaard et al., 2000) (Fig 4.3). The nature of the binding 
refers to the location of the covalent bond formed between a Michael type product and the 
amino group of the proteins. Alternatively, alkoxyl radicals, intermediate products of protein 
fragmentation mediated by HO• abstraction, may be cleaved by the diamide or α-amidation 
pathways, potentially leading to cross-links and further amino acid side chain modifications 
(Fig 4.2). The possibility of cross-links and aggregation products formed by any oxidation 
system was negatively correlated with nutritional factors in meat, including tenderness, 
solubility and WHC (Nielson and Jorgensen, 2004; Soladoye et al., 2015; Reeg and Grune, 
2015; Hematyar et al., 2019).  
 
Key intracellular systems that were reported to influence the oxidation of lipids and proteins 
in meat were haem proteins, including both Mb and haemoglobin (Zakrys et al., 2008; 
Hematyar et al., 2019). Any discussion points in this investigation fall explicitly into the 
former aspect, but certainly also relates to haemoglobin (Richards and Hultin, 2003). The 
potential of the haem protein, Mb as pro-oxidants in meat was further discussed in 4.6. The 
full overview of PROX in meat materials was largely reviewed by Zhang et al., (2013), 
Soladoye et al., (2015), Hematyar et al. (2019) and Melton et al. (2019), which summarized 
the hallmarks of oxidation in meat systems and fish. Oxidation in venison may be mediated 
by a range of intracellular factors and cascades that could be related to other meat systems. 
The effects of PROX in venison were not previously reviewed by any published 
investigation, specifically not in the context of modern meat processing techniques, such as 
PEF.  The schematic of PROX events in venison was based on a platform of previously 
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4.6 Limited effects of oxidation on myoglobin   
 
Surface layers of meat are covered with oxygenated Mb (oxyMb) due to instant saturation 
with oxygen binding haem prosthetic groups, leading to a bright red colour perception 
(Appendix Fig A.15). Early post-mortem, oxyMb readily gets reduced by metmyoglobin 
reducing activities (MRA) beneath the surface. Thus, the oxygenation of oxyMb, called 
‘blooming’ leads to conversion from metMb to oxyMb within approximately 30-60 min 
post-mortem (McMillin, 2008; Surendranath and Poulson, 2013). Due to reducing activities, 
MetMb is mostly in its ferric state (Fe3+), leaving outer oxyMb and inner deoxyMb layers in 
ferrous states (Fe2+) (Mancini and Hunt, 2005; Richard, 2013). As a result of electron transfer 
by metMb oxidation system, all available oxygen gets transferred from Mb to the 
mitochondria (Fig 4.4).  In the late post-mortem state, as oxygen becomes depleted over 
time, the haem iron loses its covalent bond to oxygen and becomes less stable. Hence, 
metMb activity becomes minimised and competes with remaining oxygen, leading to 
increased brownish colour (Appendix Fig A.17). As the reduction of oxyMb decreases over 
time and the iron-oxygen bond gets broken, oxyMb gets oxidised to MetMb in a process 
known as autooxidation (Suman and Joseph, 2013).  
 
Given the nature of Mb oxidation in meat, the transfer of electrons away from myoglobin 
to the mitochondria early post-mortem (Fig 4.3) would suggest low abundances of oxidative 
events at 0-d. Later, depletion of oxygen intracellularly would be expected to yield higher 
counts of Mb oxidation in 21-d as electrons would get shifted from the mitochondria back 
to Mb (Fig 4.3) However, the data in venison showed very low abundances of oxidative 
modifications in both 0-d and 21-d. Visual differences in colour at 0-d and 21-d in venison 
(Appendix Fig A.16 and 17, respectively), would support the fact that oxidation was 
enhanced at 21-d due to a noticeable brownish colour. However, increased abundances of 
Mb oxidation was not observed by proteomic analyses here.   
 
Myoglobin was previously identified as a potential for oxidative stress for myofibrillar 
proteins and LIPOX (Baron and Anderson, 2002), but itself was not associated with 
oxidation, after either heating, PEF treatment, or d-21 ageing. One possible explanation 
would be that the electrons from oxygen alone were not correlated with oxidation events in 
aged venison. As the oxidation of Mb remained largely unaffected by PEF and ageing, it is 
likely the protein was not affected by external radical-based reactions at all. As autooxidation 
of oxyMb to metMb was originally believed to increase superoxide contents and facilitate 
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oxidation of myofibrillar proteins (Chan et al., 1996), the metmyoglobin reducing activity 
(MetMbRa) may have enhanced oxidation of myosin and actin, leaving Mb ‘unoxidized’. 
The effects of meat ageing on metMbRa were correlated with Mb reduction by 
mitochondria post-mortem (Nair et al., 2018). The rate of blooming, leaving Mb in its less 
thermodynamically stable deoxyMB form was measured to be 24h post-mortem, whereas 
metMb was observed to be fully oxygenated between 7 and 14 days in beef (Beriain et al., 
2009) (Fig 4.3). Low oxidation rates of Mb in 0-d could imply fully functional MetMbRa 
in venison under constant pH and temperature maintained throughout ageing. The result of 
continuous low oxidation of Mb contradicts previous findings in beef, showing highest 
MbO2 percentages following 7 days of ageing (Beriain et al., 2009). 
 
The differences in post-mortem Mb oxidation across ruminants is greatly mediated by the 
pH, the fibre type of the animal, age and the environment of ageing conditions (Renerre, 
1990; Beriain et al., 2009). In food systems, two potential factors can influence Mb stability 
and potentially altering its oxidation state. Anti-oxidants, including thioredoxin, 
peroxiredoxins and methionine sulfoxide reductase could reduce Mb oxidation (Joseph et 
al., 2012). In turn, pro-oxidants, such as polar aldehydes and ketones, could enhance Mb 
oxidation (Suman and Joseph, 2013) as well as carbonylation events (Fedorova et al., 
2013)(Fig 4.2). As the oxidation of both myofibrillar and sarcoplasmic proteins mediated by 
pro and anti-oxidants, specific residues that were shown to be oxidised may have influenced 
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4.7 The nature of oxidation varied among residues 
 
4.7.1 Oxidation of methionine and cysteine  
In venison, the main residues oxidised on myofibrillar proteins, including myosin heavy 
(MHC) and light chain (MLC), were methionine and cysteine, which were also found in 
other studies on meat (Berlett and Stadtman, 1996; Zhang et al., 2013; Gallego et al., 2018) 
Methionine oxidation was predominant in all proteins, which could be explained due to its 
high sulphur content, which under mild oxidation conditions form methionine sulfoxide 
and sulfone (Boschi-Muller et al., 2008). Oxidised methionine could, however, also be 
reduced by methionine sulfoxide (MeSOX) reductase. The degree of enzymatic catalysis 
and the rate of oxidation was expected to be balanced, which would be necessary to protect 
cells from damage (Levine et al., 1996, Berlett and Stadtman, 1997).  
 
Unlike, methionine, cysteine oxidation was higher in VP-aged venison, which due to its 
sulphur atom is equally prone to oxidation (Zhang et al., 2013). However, cysteine residues 
can undergo O2 mediated radical transfers to form thiyl peroxyl radicals or thiol groups to 
form disulfide bonds (Schoneich, 2008). Cysteine oxidation was confirmed in both ageing 
conditions, implying that disulfide bond formation of target proteins was a likely 
consequence. A key example would be limited calpain activity under oxidising conditions, 
as the calcium-susceptible cysteine in its oxidised state would readily form an intramolecular 
disulfide bond and thus could impair proteolysis under oxidising conditions (Lametsch et 
al., 2008). As cysteine residues were differentially oxidised, meaning they were not in equal 
abundances, may indicate that varying ageing-dependent radicals led to different redox states 
of cysteine. Thus, while a given number of cysteine residues undergo direct oxidation with 
oxygen, leading to disulfide bonds, others may be subjected to two-electron oxidation with 
either hydrogen peroxide or hydroxyl radicals and thus lead to sulfenic (CysSOH), sulfinic 
(CysSO2H) and sulfonic acid (CysSO3H) following mono- , di – and tri-oxidation.  
 
4.7.2 Pro and antioxidant properties of amino acids 
Metal-catalysed oxidation of arginine, lysine and proline, mainly leading to hydrogen 
abstraction and backbone fragmentation, has commonly been referred to as a hallmark of 
oxidation in meat (Hawkins and Davies, 2001; Moller et al., 2011). Overall, residues with 
highest susceptibility to oxidation have a high electron density, which includes tryptophan, 
tyrosine and histidine. Tyrosine can act as a reservoir of carbonyl products through electron 
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transfer reactions from methionine, cysteine and tryptophan (Davies et al., 2003; Lund et 
al., 2011). Lysine oxidised by hydrogen peroxide in VP-aged venison could generate 
hydroxyl radicals, which in turn can lead to further oxidation events of other amino acids. 
Histidine residues can influence the oxidation of other residues due to the abduction of 
charged metal ions from target proteins in myofibrillar networks (Hematyar et al., 2019). 
Hematyar and colleagues (2019), suggested critical interaction mechanisms between PROX 
and LIPOX that affect particular amino acids. Reaction mechanisms may have several 
different origins, products and nutritional impacts in meat. With reference to a proposed 
model (Fig 4.4), there is the possibility of residues forming various reaction intermediates 
that may interfere with the oxidation of myofibrillar proteins and myoglobin. The studies 
by  Lund et al. (2011) and Hematyar et al. (2019), reviewed residues that were also found 
to be oxidised in the present study, which predominantly include methionine, tyrosine, 
lysine, cysteine, proline and arginine (Fig 4.4). Further evidence for potential interaction 
mechanisms of these residues oxidised predominantly by external factors was provided in 
Table 1.1.  
 
Although there are no previous investigations outlining oxidation mechanisms in venison, 
PROX and LIPOX both could have similar oxidation impacts on amino acids in other 
ruminants and fish. The functionality of proteins may vary in different fibre-types, leading 
to different effects on meat systems due to various oxidation changes of amino acids (Gitlin 
et al. 2006; Kramer et al., 2012). Also, as differences in oxidation were shown to introduce 
various alterations in proteins and lipids, the overall range of potential oxidation changes 
mediated by pro and anti-oxidant factors may increase exponentially. Variations of oxidation 
changes can therefore greatly change the degree of water-holding capacity (Standal et al., 
2018), hydrophobicity (Jung et al., 2013), tenderness (Martinaud et al., 1997) and meat 
colour (Lynch and Faustman, 2000; Richards and Hultin, 2003; Suman and Joseph, 2013) 
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4.8 Oxidation events are reversible in aged meat   
 
The present study investigated the oxidation of myofibrillar and sarcoplasmic proteins, 
namely actin, myosin and myoglobin after 0-d and 21-d. The critical issue with a 
comparative proteomic analysis used here, was that samples were only examined at two static 
time points. The oxidation chemistry that took place within 21 days of ageing was therefore 
only speculated and outlined based on other investigations in meat materials. It was 
hypothesised that oxidation of venison was enhanced by ageing to a greater extent than by 
heating or PEF-induced proteolysis. The discussion of oxidation was then shifted towards 
intracellular pro and anti-oxidant systems that influenced meat quality (Hematyar et al., 
2019). A critical finding in this investigation was that oxidative modifications between 0-d 
and 21-d were reversible (Appendix Fig A.12). As proteomics only revealed the oxidative 
modifications on residues that were most abundant in oxidation at 21-d compared to 0-d, 
it is essential to outline that the same modification event was also observed at high abundance 
at 0-d compared to 21-d on other peptides.  
 
Redox chemistry is a well-studied part in science. It is based on the equation between 
oxidation and reduction, which in any living system is in equilibrium. Based on oxidation 
in venison, a recent investigation on dry-cured pork identified key amino acid residues that 
were strongly correlated with oxidation following ageing (Gallego et al., 2018). During a 
dry-ageing period, methionine, proline and tryptophan oxidation were identified in 
myofibrillar proteins, including the myosin heavy (MHC) and light chain (MLC). The 
ability of cysteines to form disulfide bonds has been reported to be a reversible process 
throughout meat ageing (Rysman et al., 2014). In the present study, the effect of amino acid 
oxidation varied across different time points within the same sample. While the study here 
presented PROX at two time points, Gallego and colleagues followed a dry-ageing regime 
for 12 months, including 6 abundance measurements at varying time points. The critical 
conclusion drawn here was that PROX can be reversible at 21-d (Appendix Fig A.12), 
which was also seen in 6 consecutive oxidation measurements during 12 months in Gallego’s 
study.  
 
The conclusion that oxidative modifications in meat are reversible is of critical importance. 
The effect of oxidation on post-mortem meat materials remained largely unknown. The 
reason for potential imbalances among investigations of oxidation in meat materials may be 
that oxidation is reversible and can have different effects on meat proteins, enzymatic 
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systems, including calpains and other oxidation-based pathways, such as LIPOX. It has 
largely been concluded that meat protein oxidation depends on the type of meat, the type 
of meat processing and the environment and duration of meat ageing. Thus, the external 
factors as well as internal factors inducing oxidation, both may change the patterns of 













































































he project investigated oxidative modifications in venison proteins as a consequence 
of PEF and ageing. In summary, the data showed individual modifications on 
residues matching actin, myosin and myoglobin on a refined deer database. Using 
comparative studies based on statistics, quantitative analyses were performed to obtain an 
understanding of how PEF and ageing affected the quantity of oxidative modifications in 
proteins in dry and VP ageing conditions. Proteomic analyses, in turn, focused entirely on 
the type of oxidative modifications occurring and the amino acids that were oxidised. 
Oxidative modifications and residues of highest abundance scores between 21-d/0-d were 
selected.  
 
Overall, dry-ageing resulted in a 23 % increase in oxidation abundances compared to VP-
aged meat. Differences in the quantity of oxidative events in venison samples (n = 18) were 
hypothesised to be due to various reactive radicals generated by ageing. As dry and VP-
ageing were subject to different oxidative environments, the type of radicals affecting 




reactive radicals affecting protein structures was not the focus of this investigation. Based on 
other studies investigating the impact of radicals on oxidation following meat processing and 
ageing, assumptions were made that radicals predominantly originated from atmospheric 
oxygen and hydroxyl groups in dry and VP-aged meat, respectively. The time period of 21- 
d ageing revealed a 17 % increase in the abundance of oxidations compared to 0-d, 
suggesting ageing was directly associated with oxidation in venison. Analyses of heating and 
PEF treatments effects on oxidation in venison revealed that heating did lead to oxidative 
modifications but to a lesser extent compared to PEF or ageing without pre-treatment. The 
main conclusions drawn here were that heating and PEF were not directly associated with 
oxidation. Also, shown by TA’s TEM images, the electroporation effect of PEF on venison 
myofibrillar structures revealed that PEF triggered disruptions of Z-lines. The finding was 
further supported by other investigations of PEF on meat, stating that electroporation would 
induce proteolysis due to calcium-dependent calpains. As venison proteins subject to PEF-
induced proteolysis compared to a negative control experiment revealed lower numbers of 
oxidative modifications implied that proteolysis may influence oxidation. Due to a lack of 
experimental evidence specifically on calpains or potential hallmarks of proteolytic events, 
an understanding of the interplay between oxidation and proteolysis in meat remained 
unanswered.  
 
Proteomic analyses showed oxidative modifications that were most abundant in 21-d 
samples relative to 0-d. Oxidations were predominantly detected on the myosin heavy 
chains, which were consistent in treatment and ageing groups. As a result, the myosin heavy 
chain was the most susceptible part of myosin to oxidation, which was on average 7 fold 
higher compared to its light chain. The ratio between actin and myosin was 11 fold higher 
for myosin oxidations compared to actin, whereas oxidation of myoglobin remained low at 
0-d and 21-d, consistent in all samples. Mono-oxidation events were the most prevalent 
type of oxidation compared to di and tri-oxidation. Methionine oxidation was the most 
commonly oxidised residue.  
 
The literature has pointed out that oxidation of myofibrillar proteins is associated with 
various alterations of protein structures, including cross-link formation and aggregation. In 
contrast to external factors, such as PEF and ageing, oxidative events in venison may have 
been mediated by internal mechanisms. PROX could be in constant interplay with other 
oxidised lipid products, potentially resulting in minimised nutritional quality of meat. 
Although the data provided here did not reveal any evidence of cross-links or any interaction 
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with other oxidative mechanisms, several models were proposed outlining possible pathways 
of PROX in venison. All proposed models and schematics in the present study relied 
predominantly on previously identified oxidative mechanisms in beef and fish. At present, 
PROX in specifically venison was not described in the literature, indicating that 
considerable future experiments must be performed to conclusively verify proposed model 
systems of oxidation. Also, as the data only provided experimental evidence of oxidative 
modification, no conclusions could be drawn on whether oxidation did in fact impact on 
the quality of venison as a consequence of PEF and ageing.  
 
Finally, a critical limitation to the study was that all experimentations, discussion points and 
conclusions of PROX in venison were based on only 43 % of the original data output. 
Using bioinformatic analyses of other ruminant protein sequences, hypothetical proteins 
were aligned and annotated but required further examinations to be suitable and accurate 




















































he results have provided a critical insight that oxidation has indeed occurred 
following heating, a PEF treatment and ageing. The data only provided evidence of 
particular modifications detected in venison sample groups. Biochemical events occurring 
in meat as a consequence of PEF and ageing could only be speculated. The possibility of 
oxidation-induced myofibrillar cross-links and protein backbone fragmentation could not 
be detected by SDS-PAGE or by LC-MS analyses. To verify the potential of cross-link 
formation and aggregation in venison, several future experiments could be proposed. Firstly, 
proteins would be extracted using no reducing or denaturing agents, such as DTT or 2-
mercaptoethanol. For future work, a separate analysis of venison samples would be 
performed using in-gel digest without the use of reducing and alkylating chemicals.  
 
Samples were also presented on non-reducing 1DE, which could be used for future LC-MS 
analyses rather than conventional reducing 1DE. Alternatively, as cross-link formation was 
previously linked with disulfide bond formation in other studies, to verify its presence, 
cysteine residues could be labelled with DTNB [5,5-dithio-bis-(2-nitrobenzoic acid) and a 
T 
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sample analysed by non-reducing and non-alkylating LC-MS. The analysis would provide 
an insight whether specific target proteins would form disulfide bonds under non-reducing 
conditions. As any discussion points on calpains could not be further elucidated as the 
protein was not identified in venison samples or the deer database. Using further proteomic 
analysis of the m/z ratio of individual amino acids could be compared to a specific isoform 
of calpains. The analysis would reveal both the protein identify of calpains within each 
venison sample groups, as well as its oxidation state. The analysis could provide information 
whether calpains get autolysed under oxidising or reducing conditions over time, which was 
described in other studies.  
 
The project focused on understanding oxidative mechanisms using proteomic data of 
oxidative modifications. Here, several models were proposed that illustrated how PEF, 
ageing and internal oxidising and reducing systems may be linked. It needs to be further 
investigated that proposed mechanisms could only be speculated based on the literature, but 
could not be confirmed by the data the project provided. As the current research on 
oxidation in meat is limited in the literature and not described in venison it was attempted 
to use previous investigations of other ruminants to further represent possible mechanisms. 
However, it must be emphasized that considerable future work must be performed to 
conclusively verify to what extent oxidative pathways in venison meat are similar to other 
ruminants. In addition, many authors studying oxidation in meat systems highlighted the 
complexity of oxidation in food materials and that many potential pathways are still under 
debate. In short, the models proposed here only provide an overview of the potential 
interactions that were investigated in other meat systems. These models showed information 
about myofibrillar and sarcoplasmic protein oxidation, but need to be further analysed in 
future using comparative analyses to other meat materials, such as beef.  
 
In addition, the project only focused on oxidative modifications found in actin, myosin and 
myoglobin. In terms of oxidative mechanisms in venison, further myofibrillar and 
sarcoplasmic proteins would be require investigation to draw more accurate conclusions 
from.  
 
The investigation was limited to only annotated proteins available in the red deer database. 
Although hypothetical proteins were removed and annotated using bioinformatics, they 
were not incorporated back into the original study. A potential future perspective would be 
the use of sequence coverage to filter aligned proteins for the best suitable and accurate 
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match between the ruminant and the deer databases that was created here. The procedure 
would require substantial bioinformatic tools and analyses as each peptide had several 
thousand matches to known proteins. The data would then have to be further refined using 
the BLAST and IPS data output, which showed the protein family and function of the 
aligned proteins. Once the BLAST and IPS softwares filter the data for accurate comparisons, 
the final proteomic annotation datasets could be proposed to UniProt and used for several 
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Table A.1 Comparison between dry- and vacuum packaged (VP) ageing of 
venison samples  
 











Vacuum sealed in plastic bags  
RH due to wet meat item 
 
 
Time period  
 
14-28 days  4-10 days  
Temperature  4°C  4°C  
Physical 
changes  
Constant exposure to oxygen - 
dehydration 
 
Water loss due to evaporation 
Weight loss 
Change in texture  
 
No exposure to oxygen - no 
dehydration  
 
No water loss, moisture 
retained 
Weight loss minimized  
Change in texture 
Benefits More concentrated and tender 
Intense flavor  
Regular surveillance  
 
Less cost efficient due to 
minimized time and weight 
loss 
Less surveillance needed 
Limitations More time consuming  
Higher cost 
Less time consuming 



























Table A.2 Parameters of the low and high PEF treatments conducted by Tanyaradzwa  
Mungure 
 
 High PEF   
Electric field strength  1.25 kV.cm-1 
Voltage 10 kV  
Frequency  50 Hz 
Specific heat capacity  70.2 kJ.kg-1 
Total duration per frequency 20 μs 
Total duration of treatment 30 s 
Temperature1  7.7 - 12.2°C 
Temperature difference Dry2 12.1 ∆T 
Temperature difference VP3 11.3 ∆T 
 
1.  Temperatures – Change in temperature increase °C all venison samples at corresponding treatment  
2.  Temperature difference Dry – Mean difference of temperature increase in dry-aged venison 






Figure A.1 Orbitrap system workflow of acetonitrile gradient for liquid 
chromatography. x-axis = time (min) of chromatography y-axis (% fluid; %A = milli-
Q water (0-100 µL), %B = Acetonitrile, 0-50 µL), flow rate 0.4 µL/min.  
 
 





Table A.3 Table A8 Search configuration of pre-selected modifications of proteomic data 




































Figure A.3 LC-MS test run. Time-course and abundance (intensity). Only intensity 
measures between 20 and 40 min used for LC-MS sample runs.  
 Appendices and Supplementary Material 
 6 
Code for Heatmap generation - referring to section 2.2.13.2 in methodology for 


























Figure A.4 TEM presentation of venison myofibrillar structures following PEF 
treatment. A Longitudinal venison section treated with No PEF control with aligned Z-
bands. B Low PEF treatment (0.2 kV/cm, 50 Hz, 20 µs) visualized by Z-band disruptions, 
which is even more observed by ‘jagged edges’ of Z-bands in High PEF (0.5 kV/cm, 50 






Figure A.5 1D-SDS-PAGE of prelimanry protein extraction of animal I vension sample 
group at 0-d and 21-d following 65% dry ageing. Samples were run at 4-12% acrylamide 
gradient using a BOLT system. Denaturing 1DE was run at 165 V for 35 minutes. 
Preparations stained with SimplyBlue SafeStain solution (Invitrogen, LC6060). Novex 
Sharp prestained protein-standard (Live technologies, B0004) was used as molecular 
weight marker (3 µl). Lane 1-3, TP, NP and HP treatments. Sarcoplasmic proteins (1/5 
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Table A.9 List of the 20-most abundant annotated proteins detected by LC-MS 
 
Peptide abbreviation Name of detected peptide 
MYH Myosin Heavy Chain (MHC) 
ENO Enolase 
ALDOA Aldolase 
PYGM Myophosphorylase  
CKM Creatine kinase 
MB Myoglobin 
PKM Pyruvate kinase 
LDHA Lactate dehydrogenase 
CA Carbonic anhydrase  








Table A.10 Summary of oxidative modification in total and master proteins in dry and 
VP-aged venison sample groups. Table referring to Fig 3.6 
 
 
Dry  Total  Master 
proteins 




135 62 Animal I 127 62 
Animal 
III 
192 92 Animal IV 172 99 
Animal 
VI  
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Figure A.9 Mean numbers of oxidative modifications in animal I dry and VP-aged 
venison Oxidations of total protein were compared with individual actin, myosin and 




Treatment groups and venison proteins 
Treatment groups and venison proteins 
Mean number  
of oxidative  
modifications 
Mean number  
of oxidative  
modifications 





Figure A.10 Mean numbers of oxidative modifications in animal III dry and animal IV 
VP-aged venison. Oxidations of total protein were compared with individual actin, 










Treatment groups and venison proteins 
Treatment groups and venison proteins 
Mean number  
of oxidative  
modifications 
Mean number  
of oxidative  
modifications 




Figure A.11 Mean numbers of oxidative modifications in animal VI dry and VP-aged 
venison. Oxidations of total protein were compared with individual actin, myosin and 
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Treatment groups and venison proteins 
Mean number  
of oxidative  
modifications 
Mean number  
of oxidative  
modifications 
























Figure A.12 Abundances of oxidative modifications (AR log2 of 21-d/0-d) of peptide 
fragments in actin (Animal VI, dry 65% RH, TP, NP & HP treatment) (n=1). Values 
above 0 equal to PROX at 21-d, whereas intensity of PROX was higher at 0-d when AR 
log values below 0. The higher the value of AR log2, the higher the PROX abundance at 
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Table A.14 Oxidation of amino acid residues after 21-d dry and VP ageing in venison 
Data referring to Fig 3.14 
 
Residue 
Ageing condition Concentration 
(µmol/g)1 
Dry VP 
Methionine M 128 128 0.79   
Tyrosine  Y 4 2 0.69 
Threonine  T 2 11 0.08   
Glutamic acid E 11 19 1.27   
Lysine K 11 5 - 
Phenylalanine F 6 9 0.65   
Cysteine C 6 17 - 
Arginine R 3 1 - 
Aspartic acid D 5 6 - 
Leucine L 11 9 1.97   
Serine S 5 4 - 
Valine V 2 4 0.90 
Isoleucine I 2 7 1.38   
Asparagine N 4 8 - 
Glutamine Q 3 9 1.20   
Proline P 0 2 - 
Tryptophan W 0 1 0.09 






























Table A.15 Number of detected oxidations in amino acids in dry and VP-aged venison 
  
Dry Wet Dry Wet Dry Wet 
Residue  TP NP HP 
M 72 17 11 38 29 72 
Y 2 1 0 1 0 0 
E 5 1 3 4 1 14 
K 7 0 1 2 1 3 
F 2 3 0 3 2 4 
C 3 3 2 5 1 9 
R 1 0 0 0 1 1 
D 5 0 0 1 0 5 
L 8 3 0 1 1 5 
S 1 0 1 1 1 3 
I 2 0 0 2 0 5 
N 2 0 0 4 1 3 
Q 2 1 1 1 0 7 
V 0 2 0 0 1 2 
T  1 0 0 0 0 4 
P 0 0 0 0 0 1 
W 0 0 0 1 0 0 
Mean 6.65 1.82 1.12 3.76 2.29 8.12 
ST dev 16.57 3.98 2.62 8.73 6.72 16.44 
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